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Six experiments were conducted for this dissertation research to evaluate 
strategies to improve growth performance and health of calves. Growth performance, 
nutrient utilization, and health effects were evaluated when calves were offered 
water treated with reverse osmosis system (RW), fed starter pellets supplemented 
with microbially-enhanced soy protein (MSP) or supplemented condensed whey 
solubles (CWS). The first two experiments were conducted to determine drinking 
preference, growth performance, and health of dairy calves offered RW or by a 
municipal water treatment plant (MW), compared with local untreated well water 
(WW). First a sequential elimination study was conducted to observed drinking 
preference of calves given RW, MW and WW. Greater preference was observed 
calves fed RW and least was WW, with RW slightly preferred over MW. The 
second study was conducted to determine the effects of drinking RW versus MW on 
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the growth performance and general health of calves. Total DMI and gain: feed, 
increased more over time for RW than MW. Water intakes were less in RW than 
MW, indicating more efficient water use. Frame growth, BW, nutrient utilization 
and blood metabolites were not different between treatments. Fecal scores tended to 
be less in calves on RW, with an interaction over time. The third and fourth 
experiments were conducted to determine effects of feeding calves starter pellets 
with MSP compared to soybean meal (SBM) with different milk replacers (MR) or 
with pasteurized milk. The third experiment demonstrated calves fed MSP at 23% of 
DM inclusion in starter pellets improved feed efficiency and maintained growth 
performance depending on MR. Next the fourth experiment was conducted to 
evaluate calves fed starter pellets with less inclusion of MSP (8% of DM basis) with 
pasteurized milk on growth performance and health. Calves fed MSP had greater DMI, 
and β-hydroxy butyrate (BHB) with similar BW and frame measurements between 
treatments. During the fifth and sixth experiments growth performance, nutrient 
utilization, and health were determine when calves were fed milk and starter pellets 
supplemented with CWS. In the fifth experiment during pre-weaning CWS were fed 
with milk and post-weaning CWS was top-dressed on starter pellets. Supplementing 
CWS improved starter intake, post-weaning BW, plasma concentrations of BHB, 
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fecal scores, while maintaining frame growth. The sixth experiment was conducted 
on large commercial calf ranch to determine the effect of supplementing CWS on 
starter grain mix at low (CWSL) and high (CWSH) inclusion amounts throughout 
the first 12 wk of life. The DMI, BW, plasma concentration of BHB, and body 
condition scores were improved in calves fed CWSL while maintaining frame 
measurements and fecal and health scores. Improved water quality, feeding MSP, or 
supplementing CWS improved calf growth performance, nutrient utilization, and 




Raising dairy calves is a big investment of time and labor in the dairy 
industry. Successful nutritional management in the first few weeks of life is critical 
in the long-term performance of these animals. This is because during the early 
growth phase, key immunological and digestive system developments are occurring. 
In this dissertation three strategies including giving improved drinking water, 
feeding microbially-enhanced soy protein (MSP), or supplementing condensed whey 
solubles (CWS) on growth performance, nutrient utilization and health are 
evaluated.  
Water is most important essential nutrient for metabolism and wellbeing of 
animals. The calf body contains 69.5 to71.6 % of water which maintains 
thermoregulation, osmoregulation and is used as a solvent of nutrients (Chapman et 
al., 2017). In addition, adequate water consumption improves optimal growth of the 
calves and is associated with the DMI (Kertz et al., 1984) and increased early starter 
intake (Appelman and Owen, 1975). When calves drink water it goes into rumen as 
starter feed, but when calves drink milk from bottles or buckets it bypasses the rumen 
via esophageal grove and goes into abomasum. Water in the rumen provides a 
medium for the rumen microbes and it improves the fermentation and rumen 
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development. Poor water quality can negatively impact the consumption of water, 
health, and overall performance (NRC, 2001; Kertz et al., 1984; Gottardo et al., 2002). 
A reverse osmosis water purification system was used to improve the water quality. 
There is limited research which evaluates the effects of water treated with reverse 
osmosis on growth performance, nutrient utilization and health of the calves. Thus we 
hypothesized that improved water quality from treatment with reverse osmosis system 
would increase the overall palatability for heifer calves, and growth performance, 
nutrient utilization and health of calves. The objectives of two studies were to 
determine the effects of water quality on drinking water preference, water intake, 
growth performance, nutrient utilization and health of dairy calves. 
In an effort to improve dairy calf growth performance and health, accelerated 
or high protein milk replacers (MR) have been developed. Most of the protein in MR 
derived from milk products, which makes an accelerated MR feeding program 
expensive. Therefore, we hypothesized that by improving the protein profile of calf 
starter by inclusion of a microbial-enhance soy protein product; similar growth 
performance could be attained with traditional, less expensive, lower protein MR.  
In general calves receive limited liquid feed and ad libitum calf starter. Accelerated 
nutritional programs have potential to increase growth rate and decrease age at first 
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calving (Jasper and Weary, 2002; Hill et al., 2006). In order to maximize the growth 
performance different feed supplements are used. These supplements provide micro 
nutrients which improves gastro intestinal health, rumen development and immune 
system. In addition, these feed supplements provide additional benefits including 
prebiotic and probiotic effects to the animal (Jenny et al., 1991). The NAHMS, 2007 
reported that 7.8 % pre-weaned calves died due to the scours, diarrhea and digestive 
problems in USA. These early gastrointestinal infections causes for poor growth 
performance or death of calves (Davis and Drackley, 1998). Thus the in dairy calf 
industry microbially processed feeds are commonly used in order to improve growth 
performance and health at early stages of development (Magalhaes et al., 2008; 
Callaway and Martin, 1997; Newbold et al., 1996).  
Microbially-enhanced soy protein (MSP) contains greater protein content than 
regular soybean meal. This product is derived for aquaculture feed using soybean 
meal which is aerobically fermented. In aquaculture research the MSP contained feed 
had greater digestibility in fish fed MSP diet than control diet (Sindelar, 2014). It is 
also believed that fungal cell walls and beta-glucans are present in the MSP and 
provide prebiotic properties (Bruce et al., 2015). Because of its unique nutritional 
properties, MSP may be a beneficial feed for dairy calves with developing digestive 
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systems and immunity systems.  
 In addition, it is common practice to give antibiotics with milk replacer or 
starter feed. Approximately 71% of dairy calves were fed medicated MR or starter 
feed more than 3 wk of age (Heinrichs et al., 2003). This overuse of antibiotics in 
dairy industry causes antibiotic resistance of pathogens (Fey et al., 2000). There are 
alternatives for antibiotics such as plasma proteins (Morrill et al., 1995; Quigley and 
Drew, 2000), probiotic bacteria (Jenny et al., 1991), yeast cultures (Seymour et al., 
1995), and oligosaccharides (Kaufhold et al., 2000; Donovan et al., 2002; Quigley et 
al., 2002). Indigestible oligosaccharides fed to calves had beneficial effect on the 
microbial community in feces and improved fecal consistency, feed intake, and had 
less diarrhea incidence (Heinrichs et al., 2003) and increased body weight and body 
ADG (Quigley et al., 2002). A new product, condensed whey solubles (CWS) has 
been developed in which contains similar prebiotic compounds and lactose. Therefore, 
our hypothesis was that there would be improved growth performances, nutrient 
digestibility and overall health when calves were fed CWS supplemented with milk 
and starter feed.  
The overall objectives of dissertation were to determine the effects of drinking 
osmosis water, feeding MSP or supplementing CWS in starter feed on starter intake, 
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growth performance, nutrient utilization, and health of the calves. Overall the 
hypothesis was that giving RW, feeding MSP, or supplementing CWS would be 
improved growth performance, nutrient utilization and health of calves.  
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CHAPTER 1: LITERATURE REVIEW 
Calf Rearing Importance and Challenges 
The objective of proper dairy calf rearing is to produce healthy animals that 
will continue to grow into suitable replacement heifers and cows for dairy herds. 
Weaning weight affects weight at puberty along with maturity and milk production. 
Soberon and Van Amburgh (2013) reported that early starter intake of life and 
growth rates affect milk production of first lactation. The calves rearing time period 
covers from birth to 12 wk of age. When calves are born they face major challenges 
of acquiring immunity from the colostrum. Antibodies are absorbed initially from 
the colostrum and then start to be synthesized by calves (Kertz et al., 2017). The 
calves are provided highest quality colostrum to provide passive transfer of 
immunity for many diseases that can inflict mortality. Calves up to12 wk are at the 
most susceptible stage of life for the disease. The other key challenge is that during 
early age of life, calves have an undeveloped digestive tract. Therefore, calves 
require quality and readily digestible form of nutrients like whole milk or milk 
substitutes until they begin to consume enough dry feed (Kertz et al., 2017). Milk 
and concentrate are the most expensive inputs for the calf rearing. Veterinary fees 
and drugs for disease management are also costly during this 12 wk period. The 
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NAHMS, (2014) reported that digestive and respiratory diseases were the most 
common diseases affecting pre-weaned calves. During post-weanimg, respiratory 
disease was the most common disease with 5.1% of calves affected by respiratory 
disease and 4.7% were treated with antibiotics (NAHMS, 2014). Therefore, calves 
management should aim to improve calves performance and decrease mortality in 
order to achieve optimum profitability from the calf management.   
Importance of Water Intake for Young Calves  
Water is the most important nutrient and although calves are fed MR or milk 
that contains water, they still need drinking water for their metabolism and 
wellbeing. In addition, adequate water consumption is essential for optimal growth 
and is associated with consumption of DM. Kertz et al. (1984) reported that calves 
fed limited amount of milk with water ad libitum, ate more concentrate and gained 
greater BW compared with calves that did not receive drinking water. Generally, 
water is 70 to 75% of the weight of the calf (Davis and Drackely, 1998). Also, more 
recently Chapman et al. (2017) reported that water comprises 69.5 to 71.6% of the 
BW in calf. Therefore, it is clear that water plays important roles as a solvent for 
nutrients, a thermoregulator, and as an osmoregulator (Davis and Drackley, 1998). 
Moreover, Appelman and Owen (1975) reported that water intake may have the 
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potential to increase early starter intake. Primarily water is lost from the body in 
different ways including feces, urine, sweat, and respiration. Therefore, the water 
requirement for calves is affected by many factors including dry matter intake 
(Dahlborn et al., 1998), dry matter content in feed (Dahlborn et al., 1998) 
environmental temperature (Murphy et al., 1983), physiological stage of the animal, 
and age of the animal (Meyer et al.,2004). Maynard et al. (1979) reported that young 
calves require greater amounts of water per unit of body size than mature animals. In 
addition, water intake may vary with different feeding systems, management, 
housing conditions and uncertain weather. Jasper and Weary (2002) reported that 
calves fed ad libitum milk during the pre-weaning period had greater body weight 
gain. Also, they suggested using this method to provide more water to the calves. 
However, weaning from greater milk allowances may decrease growth in 
post-weaning (Bar-Peled et al., 1997) and decrease intake of starter. Furthermore, 
some research with dairy cows showed that low water intake increases hematocrit 
and blood urea nitrogen concentrations (Steiger Burgos et al., 2001), decreases the 
respiratory rate, and rumen contractions (Little et al., 1980; Steiger Burgos et al., 
2001). However, there is lack of information on how much water is consumed 
during pre and post-weaning period by calves. When calves drink milk it goes to the 
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abomasum via esophageal grove. Thus milk or water added to MR will not provide 
water for the bacteria or microbes to grow in rumen. Therefore, clean fresh water 
must be provided separately.  
Gottardo et al. (2002) observed that when calves had water throughout the 
year and it improved the starter intake and BW. When drinking water is provided 
along with calf starter it helps to activate the functional rumen that can utilize grain 
and forages. There is limited information available about different water sources for 
calves in terms of water intake, behavior and performance during the pre-weaning 
and post-weaning. 
Factors Affect Water Consumption in Dairy Calves 
Mineral concentration of the water plays major role in health of the animal. 
Excessive minerals in the water is thought to affect calves more than older cows 
because, calves are more sensitive than older ones (Beede, 2005). Calves are 
sensitive to excessive iron, manganese, magnesium, sulfur, and microbial 
contaminants. When considering minerals in the water, it may change dramatically 
by region and even sometimes there could be changes on the same farm. However, 
there is a lack of research on the effect of elevated mineral concentrations in water 
fed to calves. In general, minerals in water can affect water palatability because 
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some minerals, such as sulfur, iron and manganese, create foul flavors. Another 
common problem is greater mineral concentrations disturb other mineral gut 
absorption and can lead to deficiencies. This is most common with high 
concentrations of iron and sulfates that bind and prevent the absorption of copper 
and zinc. Total dissolved solids (TDS) are a common analysis of water quality. 
Mainly well water contains greater amount of TDS which can affect feed intake and 
daily gain. However, research found that lesser TDS (less than 3,000 mg/L) does not 
affect for cattle compared with water containing TDS more than 5,000 mg/L (NRC, 
2001). Greater concentrations of nitrates also affect cattle. More than 300 mg/L 
nitrates concentrations in drinking water is considered as unsafe for consumption 
and less than 100 mg/L of nitrate concentrations in drinking water is safe for feed 
cattle (NRC, 2001). If water is consumed that has greater concentrations of nitrates 
it will cause death. Nitrate chronic toxicity is common in cattle and calves are very 
susceptible. Excessive sulfate concentration in drinking water reduces the water 
intake. Sulfate is present in water as the sulfide form. Sulfide causes a smell like 
rotten eggs and this reduces the water intake. For heifers sulfate tolerance threshold 
concentration is around 1450 mg/L. Weeth and Capps (1972) found that when 
heifers given drinking water that contains sulfate concentrations 110, 1462 and 2814 
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mg/L heifers in three treatments gained weight, but less ADG was observed in 
heifers fed the greatest sulfate concentrations. Also, greater sulfate concentrations 
changed the pattern of consumption and cause aggressive behaviors in cattle 
(Zimmerman et al., 2002). Iron in drinking water is probably the most frequent and 
important anti-quality factor. Iron concentration in drinking water greater than 
0.3mg/L is considered as a risk to health and growth of dairy cattle. 
 Water pH does not have a major impact for consumption of water. Patience 
(1994) reported that drinking water with a pH range between 6 and 9 generally is 
considered acceptable for livestock. Hard water reduces the water consumption 
(Patience, 1994). Mainly hardness of water comes from calcium and magnesium. 
Research showed that when dairy cows were fed water with hardness less than 290 
mg/L water there was no significant reduction of milk production (Blosser and Soni, 
1957). 
Relationship of Water Consumption and Diarrhea 
Calves have a greater tendency to develop digestive disorders such as 
diarrhea with an imbalance of water in the body. Ten to twelve percent of weight 
from the calves can be lost as water during an incidence of diarrhea (NRC, 2001). 
Water loss in feces correlates with major losses of the electrolytes such as sodium, 
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chloride, bicarbonate and potassium (Phillips, 1985). These losses of greater 
amounts of water through feces from calves cause severe dehydration and 
electrolyte imbalances. This leads to death of calves. Jenny et al. (1982) reported 
that water intake increased 25 to 50% when calves had diarrhea. Water availability 
and quality of water are very important factors for diarrhea in young calves. 
Providing ad libitum clean water from two days of age is recommended to raise 
healthy calves. However, some dairy producers noted that when supplemental water 
was fed calves had diarrhea. Therefore, this is uncertain whether calves drank more 
water because of diarrhea or if the increased water intake caused diarrhea. Kertz et 
al. (1984) found that water intake had no causative effect on diarrhea. However, this 
causative effect could change between summer and winter, because during the hot 
months of summer there needs to be increased water availability and in winter 
months when available water freezes it becomes unavailable for drinking.  
Importance of Protein for Calves  
Protein is required by newborn calves to maintain daily biological processes, 
maintain tissues, muscle development, and blood formation. Most proteins synthesis 
takes place in liver and gut wall. Proteins play important roles in absorption of 
nutrients and metabolic activity in the body. Enzymes and some of hormones are 
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proteins that help metabolic function. The building blocks of protein are amino acids 
(AA). Some of AA play major roles for calves in their growth and rumen 
development such as lysine, methionine, threonine and glutamate. The first 3 months 
of life AA are more important for the calf growth than older calves. Information of 
specific AA for calf growth and their metabolic activity in the body are limited. This 
is because calves are fed milk or milk based MR. Cow milk contains whey protein 
which provides most of nutrients for calves during pre-weaning period. Whey 
protein is very expensive, and may compete with human food consumption. Also, 
during the last two decades whey protein prices have heavily fluctuated. In addition 
to whey, all other milk protein source prices are high in cost. Due to price and 
scarcity, alternative protein sources are very important to dairy calf feeding. 
Therefore, research studies are being conducting to identify alternative sources of 
protein that would meet calf nutritional requirements to provide growth and health 
performance equivalent to milk protein but with less cost. 
Milk proteins are increasingly being replaced by plant proteins including 
soy, wheat, pea, lupine, and potato for calves (Toullec and Lalles, 1995). Animal 
proteins such as liquid egg protein and red blood cells, hydrolyzed blood cells, and 
bovine and porcine plasma are potential alternatives to the milk protein. Use of these 
14 
 
alternative protein sources can lead to challenges such as suppressed digestibility 
and impaired calf performance. This because there are some of anti-nutritional 
factors (ANF) contained in the alternative protein sources which resist chemical 
digestion. In addition, these proteins may interact with the gut and modify the 
enzymatic digestion or change the AA absorption process (Montagne et al., 1999).  
Soybean protein sources are also thought to have additional benefits like 
rumen development, AA absorption, increased growth rate or prevention of growth 
depression during the weaning period compared to other plant protein.  
Protein Requirements for Pre-ruminants 
Protein requirements of pre-ruminants are dependent on the goals of calf 
management. Requirements are different for veal, beef, and dairy calves. 
Digestibility of protein varies greatly among feedstuffs that may be used in the calf 
diet. Basically protein is provided to the pre-ruminant calf from milk or milk 
replacer and starter grain mixes or pellets. Digestibility and utilization of proteins 
from the milk are very high quality and digestible with biological value is about 0.80 
(NRC, 2001). Milk replacer ingredients from non-milk sources including soy protein 
concentrate, hydrolyzed wheat protein, potato protein isolate, animal plasma, and 
whey protein are used but are less efficient than milk. Milk replacer might contain 
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20 to 25% high quality protein to obtain optimal growth from the calves (Brisson et 
al., 1957). According to the NRC (2001) up to 50 % of milk proteins can be replaced 
with lower-cost ingredients. The ability of these protein sources to supply AA profile 
is most critical. Amino acid profile plays important role for growth of calves. At 
birth, young calves have premature proteolytic digestive system and it may not 
digest non-milk protein until 3 weeks of age (NRC, 2001). Therefore, it is 
recommended that MR containing only milk proteins be used at early stage of life 
and then the diet could be switched to include non-milk protein. In general, calves 
should be fed in restricted liquid feed (milk or MR). As thumb rule 8 to10% of the 
body weight liquid feed should be fed to calves. This is to encourage early 
consumption of calf starter and rumen development, which in turn allows for earlier 
weaning and more economic body weight gain. 
To achieve maximum growth of calves 18% CP is recommended by the 
NRC (2001). In contrast, intensive MR feeding programs which contained a greater 
CP and fat improved growth rate and decrease the age at first calving (Jasper and 
Weary, 2002; Hill et al., 2006; Stamey et al., 2012) In addition, when calves were 
fed starter pellets which contain greater CP than NRC recommendation they had 
increased rate of gain and efficiency of feed (Stamey et al., 2012).  
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Soy Protein as Protein Sources for Pre-ruminants  
Soy protein products are used all over the world as animal feed ingredients 
due to high availability and AA content. Most soy proteins contain low amounts of 
lysine, methionine and threonine (Lalles et al., 1995). Therefore, AA needs to be 
supplemented when feeding soy protein. Moreover, raw soybean meal contains ANF 
such as trypsin and lectin. Young calves less than 2 wk old are very sensitive to the 
poor quality protein, which can decrease growth rate and cause digestive disorders 
(Lalles et al., 1995).  
 Soy protein concentrate (SPC) and soy protein isolate (SPI) are refined 
soy products that are obtained by solvent extraction and protein isolation, 
respectively. Soy proteins are mostly used as an alternative protein source for whey 
protein which could replace up to 50% of whey protein without any adverse effects 
(Davis and Drackley 1998). Digestibility of soy flour and SPC are 50% and 75%, 
respectively, compared with 93% for milk protein (Dawson et al., 1987). Also calves 
less than 2 wk old are highly sensitive to SPC and after 2 wk of age, they more 
tolerant of SPC (Tomkins et al., 1994). The ANF is a critical factor and may interact 
with the gut and modify the enzymatic function and reduce digestibility of calves. 
Glycine, β-conglycine, trypsin, and lectin are major antigenic compounds in 
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soybeans that affect calf performance. Trypsin inhibits the activity of bovine trypsin 
and glycine and β-conglycine in MR and frequently induces an allergic reaction in 
calves. This allergy reaction is usually detrimental to calf performance and in severe 
cases death may also occur (Dawson et al., 1987). Antigenic activity of soybeans is 
largely reduced in steam heated products, ethanol treated soy protein, and fermented 
soybean products (Mir et al., 1993). One abnormality identified in calves fed 
soybean products is reduction of villi height (Drackley et al., 2006). Reduced villi 
height and crypt elongation are a challenge with the feeding of soybean products. 
When soybean products are continuously fed, abnormalities of villi results, 
including reduced feed intake, increased pasage rate, and diarrhea (Pluske et al., 
1997). In addition, the cellulose and hemicellulose present in SPC may increase 
villus abrasion and cell desquamation and increase mucus loss in the terminal small 
intestine (Leterme et al., 1998). Furthermore, a variety of other intestinal alterations 
have been observed including decreased protein synthetic capacity, mucosal 
digestive enzyme activities, and absorptive capacity (Grant et al., 1989; Montagne et 
al., 1999; Seegraber and Morrill, 1982). Another major concern is intestinal motor 
disorders, when repeated consumption of antigenic soybean product in calf diet 
disrupts intestinal myoelectric patterns (Sissons et al., 1987). Myoelectric patterns 
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are waves of electrical activity that can be observed through the intestines in a 
regular cycle during fasting. These motor complexes trigger peristaltic waves, which 
facilitate transport to indigestible parts along the digestive tract. Additionally 
feeding soybean products has the possibility to increase gut infections in young 
calves. These findings were supported findings by Li et al. (1991b) who suggested 
that pigs fed soybean products have greater coliform proliferation in the small 
intestines. 
Amino acid intake is critical in early calf growth. In addition, soy protein 
contains less AA than whole milk. Soy protein contains less than one-third of the 
amount of lysine, methionine, cysteine, and valine compared with the whole milk 
(Ghorbani et al., 2007). Therefore, this may contribute to the reduced growth as 
calves may not be able to utilize soy protein as effectively in the first few weeks of 
age as after 3 wk of age (Akinyele and Harshbarger, 1983). During first week of life 
calves are very sensitive to bacterial and viral stressors. During the first few weeks 
the rumen is also transitioning from non-rumen digestion to functional fermenters. 
Therefore, introduction of soybean products to very young calf diets can be an issue. 
Thus, Ghorbani et al. (2007) suggested that, replacing 25% rather than 50% of 
whole milk with soy protein may be the optimum use of soy protein as a MR during 
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the first 2 to 3 wk of age. In addition calves fed MR containing soy has increased 
DMI compared to whole milk fed calves, as partial replacement of whole milk fed 
calves induced DMI and reduced weaning age (Ghorbani et al., 2007).  
Effect of Soy Proteins on Digestibility of Pre-ruminants  
Digestibility varies with the various factors that are responsible for poor soy 
protein digestibility. This may be lack of the right combination of enzymes or low 
secretion rates of particular enzymes. When animals are fed with antigenic soybean, 
it increases glycine and β-conglycine in the abomasum. Those glycine compounds 
are partially digested or in degradable. Tukur et al. (1993) reported that when 
ethanol treated SPC was fed to calves and they had high resistance for digestion of 
the soy protein. Akinyele and Harshbarger (1983) showed that heavier calves at birth 
tended to utilize soy protein better than smaller calves, thus heavier calves may 
release more enzymes (Akinyele and Harshbarger, 1983). Furthermore heavier 
calves have greater maintenance requirement and rumen development. Therefore, 
they tend to utilize more DM rather than smaller calves. Drackley et al. (2005) 
reported that replacing 60% of the whey protein in MR with SPC decreased growth 
rates, feed efficiency, and decreased villus height and crypt depth in the jejunum and 
villus height in the ileum.  
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Carbohydrates in Pre-ruminant Diets 
Carbohydrates are the major source of energy provided for calves. In general 
60 to 70% of carbohydrates make up the dairy cattle diet (NRC, 2001). Around 55% 
types of carbohydrates (Quigley, 2018) are used for calf starters. These types of 
carbohydrates change the nutritional availability of the diet. When carbohydrates 
goes to rumen they are fermented by microbes to produce volatile fatty acid (VFA) 
which provides 70 to 80% of energy requirement for the animals (Church, 1988). 
Carbohydrate digestion and metabolism yields glucose. Glucose is important for 
tissue activity including nervous, muscle, adipose, mammary and fetus and other 
activities of these organs. Thus glucose availability or synthesis is a limiting factor 
for the overall growth and production performance in calves. Usually, when less 
than three months of age calves have greater amount of blood glucose compared to 
the older cows. This is attributed to the rumen development, dietary changes or 
increase VFA in the blood. Increased VFA is not enough in calves to supply the full 
requirement of the glucose, because rumen development is not sufficiently advanced 
to provide enough VFA to satisfy energy requirement. Usually glucose is provided 
via gluconeogenic pathways from propionate, AA, glycerol, and lactate. In 
ruminants gluconeogenesis is increased shortly after feeding and decreased when 
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fasting depending on the availability of precursors. Propionate and lactate precursor 
are directly related to the amount of non-structural carbohydrate. But glycerol and 
amino acid precursors are controlled by hormones such as insulin, glucagon, and 
IGF-1 (Church, 1988). 
Different Types of Carbohydrates in Calf Diets 
Carbohydrates are divided into classes of monosaccharides and their 
derivatives, oligosaccharides which contain two to ten saccharides units, and 
polysaccharides which contain more than ten saccharides units include starch, 
cellulose, hemicellulose and pectin. 
Non-structural carbohydrates sources including corn, oats, molasses, and soy 
hulls are commonly used carbohydrate sources in calf diet. Most animals have 
digestive enzymes that digest nonstructural carbohydrates including starch, 
water-soluble carbohydrates, sucrose, oligosaccharides, and fructans. Some of 
galactans and oligosaccharides are not digested due to the lack of the necessary 
enzymes in the intestinal tract, but still have some beneficial activities to the calf 
health.  
Starch is the most common and important source of carbohydrate in calf 
starter pellets or grain mix. Most of the starch is coming from corn as it is the least 
22 
 
expensive feed ingredient in the United States (Hill et al., 2008). Starch is classified 
as insoluble starch or partially soluble carbohydrate. When starch is heated it 
becomes resistant to amylase. Resistant starch escapes amylolytic digestion and 
ferments slowly in the lower gut in non-ruminants (Gee et al., 1991). But in 
ruminants this type of feed ingredient contains carbohydrates that are rapidly 
fermentable in the rumen. Molasses is high in sugar used as a palatability enhancer 
(NRC, 2001). Oats are commonly used feed ingredient in calf starter to improve the 
palatability and bulkiness of the feed (Hill et al., 2008). Soy hulls are also low cost 
feed ingredient and use in lesser proportion in calf starter to improve the hardness of 
the starter and are a good source of digestible fiber for functional ruminants (NRC, 
2001). Calf starter contains relatively large amount of readily fermentable 
carbohydrates and adequate amount of digestible fibers to support the fermentation 
and rumen development (NRC, 2001; Williams and Frost, 1992; Greenwood et al., 
1997). Porter et al. (2007) reported that when calves are in crates or housed without 
bedding, the calf starter needs to contain coarse particles and bulk ingredients. 
Whole oats or coarsely processed oats provide coarseness and bulkiness to the starter. 
Khan et al. (2007) demonstrated that when calves were supplied an equal amount of 
starch by corn it supported greater ADG than when starch was supplied from oats, 
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barley or wheat. Greater concentration of molasses has been shown to reduce ADG 
and increase the incidence of scouring in calves (Lesmeister and Heinriches, 2005).  
Dietary Carbohydrate Use as Prebiotics 
Oligosaccharides and polysaccharides, including dietary fibers, have 
prebiotic activity, but not all dietary carbohydrates are prebiotic. In 1995 a prebiotic 
was defined as an indigestible food ingredient which has additional benefits for the 
host by improving growth and health of the animal (Gibson and Roberfroid, 1995). 
Feed ingredients that have prebiotic properties should resist gastric acidity, 
hydrolysis by enzymes, absorption by gut, fermentation by the gut microbes, and 
stimulate selectively the growth and or activity of intestinal bacteria associated with 
health and wellbeing. When animals are fed prebiotic feed ingredients the effect 
changes with the species, but there are similarities regarding basic prebiotic 
mechanism including limiting pathogens, competition for nutrients and attachment 
sites on the intestinal mucosa, production of antimicrobial compounds, the 
production of short chain fatty acids (SCFA), lowering intestinal pH and stimulating 
the immune system (Raibaud, 1992). In addition, prebiotics provide systematic 
effects such as modulation of cholesterol concentrations and modulation of satiety 
via interaction with glucagon like peptide 1 (GLP 1). 
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Inulin is compound made of a set of molecules of sucrose of which the 
fructose moiety is substituted with a linear chain of β (2-1) fructans ranging in 
length between 1 and about 65 fructose moieties. Inulin reduced pathogen 
colonization and contamination in poultry. Oligofructoses or fructo-oligosaccharides 
(FOS) are partial enzymatic hydrolysates of inulin. Generally, inulin is extracted 
from the chicory plant. Commercially available inulin contains 70% inulin and some 
of sugars, organic acids, protein and minerals. Van leeuwen and Verdonk (2005) 
found that young veal calves fed inulin improve gain: feed and ADG. They also 
observed an improvement in fecal consistency in fructan fed groups compared to 
control animals.  Fructo-oligosaccharides used in animal diets improve fecal 
characteristics, nutrient digestibility and increase lactobacilli and bifidobacteria in 
pigs (Hussein et al., 1998) and calves (Macfarllane et al., 2008). In young pigs, FOS 
increased caecal and colonic epithelial cell proliferation. Less ammonia 
concentrations were observed in feces when pigs were fed inulin and FOS 
(Flickinger et al., 2000). Broiler diets supplemented with FOS improved BW gain, 
feed conversion, and carcass length (Yusrizal and Chen, 2003).  
Galacto-oligosaccharides (GOS) are carbohydrates present in milk. The 
chemical structure of GOS is glucose α1-4[β galactose 1-6]n, where n is number of 
25 
 
galactosyl units linked together (Frank, 2008). Commercially available GOS 
products are produced from lactose syrup including whey permeate using 
β-galactosidases treatment (Kolida et al., 2000). The main source of GOS is whey 
permeates, which is a byproduct of cheese manufacturing and contain greater 
amount of lactose (Torres et al. 2010). Commercially available GOS is a mixture of 
lactose, glucose, galactose, and oligosaccharides. The GOS has been shown to be 
readily fermented by bifidobacteria and lactobacilli (Holma et al., 2002; Macfarlane 
et al., 2008; Castro et al., 2016). Calves fed enzymatically treated whey permeate as 
a source of GOS with MR improved lactobacillus in the colon during the first 2 wk 
of life and it was accompanied by greater development of epithelial structures in 
small and large intestine (Castro et al., 2016). However, Castro et al., (2016) 
reported that supplementation of GOS resulted to lower intestinal SCFA 
concentration and increase fecal consistency scores. This was contrast to calves fed 
mannan-oligosacchride (MOS) and FOS (Heinrichs et al., 2003; Van Loo and 
Vancraeynest, 2008; Ghosh and Mehla 2012). 
Mannan-oligosaccharides are widely used in livestock feed as a 
supplemental diet to improve the growth performance and health. The MOS is 
derived from the outer cell wall of Saccharomyces cerevisiae (yeast). Yeast cells are 
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lysed and culture and then centrifuged to isolate cell wall components along with 
washing and spray drying process (Spring et al., 2000). The main constituents of the 
outer cell walls are mannan polymers with α-(1-6) and α- (1-2) bonds or to a lesser 
extent α-(1-3) bounded side chains (Kogan and Kocher, 2007). 
Mannan-oligosaccharides fed pigs had improved performance (Dvorak and Jacques, 
1998) and it increased weight gain and DMI in dairy calves (Dvorak and Jacques, 
1997). The MOS provides competitive binding site for gram negative pathogenic 
bacteria. Therefore, bacteria bound to MOS and likely exited the intestine without 
attaching to the epithelium (Spring et al., 2000). In addition MOS enhanced the 
immune system by improving the antibody production (Savage et al., 1996) or 
improving intestinal morphology and function (Iji et al., 2001).   
Conclusions 
 Strategies to improve calves growth performance can differ according to 
management. However, providing quality water and good nutritional programs can 
have long term effects on life-time productivity and milk production. Providing 
water ad libitum to calves in the early stages of life is important for growth and 
encouraging starter intake. Thickett et al. (1981) observed a significant correlation of 
both ADG and starter intake with water intake prior to weaning. Data are limited for 
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water intake when calves are given different water sources during the pre-weaning 
and post-weaning period. Kertz et al. (1984) reported that calves fed MR had a 38% 
lesser ADG and 31% reduction in calf starter intake compared with calves fed milk 
replacer with ad libitum water during first 4 wk of life. Water consumption may be 
increased when quality water offered. Increasing free water intake may increase 
milk production and health status resulting in increased producer profitability. 
Therefore, we hypothesized that drinking preference, growth performance, and 
health would improve when dairy calves were offered RW or MW compared to local 
WW. Results were observed that calves consumed more RW and MW compared to 
WW. Fecal score and respiratory score were improved in calves given RW and 
maintained BW and frame measurements.  
 Research has been conducted in last 20 years period to maximize the starter 
intake and optimize calves performance (Kertz et al., 2017). Series of experiments 
were conducted demonstrating that calves have preferences for energy and protein 
providing ingredients (Miller-Cushon et al., 2014). Among protein ingredients 
commonly used, soybean meal is the greatest ranked and corn gluten meal is the 
lowest ranked. Novel findings presented by Kim et al. (2012) showed that fermented 
soybean meal was better utilized than regular SBM in calves. The MSP product used 
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in our research is newly developed product that contains greater CP than SBM. 
Therefore, it was hypothesized that the improved quality and quantity of protein in 
MSP compared to SBM would allow the former to be used in the starter pellet with 
conventional or accelerated MR or pasteurized waste milk and achieve similar or 
improved calf growth performance compared to SBM used with MR or pasteurized 
waste milk. Also we hypothesized that there may be additive benefits of feeding 
MSP in starter pellets with MR or pasteurized waste milk on health. In addition, 
these research studies were conducted to determine optimal inclusion rate of MSP. 
The addition of MSP improved feed efficiency, total tract digestibility of DM, CP, 
NDF and ADF while maintaining growth performance depending on MR. When 
calves were fed less inclusion of MSP in starter pellets with pasteurized waste milk, 
calves had greater consumption of DMI, increased blood BHB and maintained BW. 
The addition of MSP to the starter pellets appeared to benefit calf digestibility, 
indicating that MSP could effectively replace SBM in calf starter pellets.  
   During the first 12 wk of calf life they are susceptible to many pathogens 
that cause disease. Antibiotics are widely used with MR or starter pellets to prevent 
disease of early age of calves life (Quigley, et al., 1997). In addition, uses of 
antibiotics have been shown to improve calves performance and reduce diarrhea 
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incidence (Morrill et al., 1995; Tomkins et al., 1991). In digestible short chain 
carbohydrates such as oligosaccharides have been shown to improve gut health by 
adhesion of certain bacterial species including Escherichia coli and Salmonella sp. 
(Martin et al., 1994; Newman et al., 1993; Oyofo et al., 1989; Oyofo et al., 1989). 
Moreover oligosaccharides increased the growth of beneficial bacteria including 
Lactobacilli sp. and Bifidobacteria sp (Benno et al., 1987; Kawaguchi et al., 1993; 
Martin et al., 1994). Calves fed oligosaccharides compounds with mannose, fructose 
and galctosyl-lactose have improved intestinal health, reduce the disease incidence 
and improved fecal consistency (Newman et al., 1993; Quigley et al., 1996; Quigley 
et al., 1997; Webb et al., 1992). Our hypothesis was feeding CWS which contains 
concentrated milk sugars such as lactose and galacto oligosaccharides with 
pasteurized waste milk or MR and starter pellets could improve growth performance, 
increase gut health and beneficial microbes, improve fecal consistency, and reduce 
incidence of disease. We found that the supplementation of CWS improved DMI, 
fecal scores and reduced health incidence. Results showed that addition of CWS to 
the MR or starter pellets appeared to benefit calf health and reduce diarrhea, 
indicating that CWS could effective replacer to improve feed intake and health in 
calves and CWS could be effectively replace antibiotics in MR or starter pellets.   
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CHAPTER 2: EVALUATION OF WATER QUALITY ON DRINKING 
PREFERENCES OF DAIRY HEIFERS  
ABSTRACT 
Ground water in eastern South Dakota is hard with high mineral content. 
There are concerns about its effects on dairy cattle drinking behavior, which may 
consequentially affect health and performance. Our objective was to determine 
drinking preference of dairy heifers offered water treated with a reverse osmosis 
system (RW) or by a municipal water treatment plant (MW), compared to local 
untreated well water (WW). Six Holstein heifers (100 ± 6.5 d of age; 137 ± 5.9 kg 
BW) were used in a sequential elimination study. Heifers were kept in individual pens 
(1.5 × 3 m) and fed similar rations of pellets and grass hay. Three containers (14 L) of 
water were provided for each heifer and refreshed 3 times per day. An extra container 
on each side was left empty to avoid preferential behavior by location. Throughout 
the 8 d experimental period individual water intakes by heifer and water type were 
measured. During the adaptation phase of the study heifers were given MW for 3 d to 
establish baseline intake. During phase 1, all 3 water types were offered for 3 d and 
the most preferred water of each heifer was removed at the end. During phase 2, the 
remaining 2 water types were offered for 2 d. Water preference ranking by heifer was 
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determined based on intake amounts. Kendall’s coefficient of concordance (W) was 
calculated to evaluate agreement of preference among heifers. Total average water 
intake was 16.0 ± 2.14, 15.8 ± 1.95, and 14.9 ± 2.21 kg/d for the adaptation, phase 1 
and phase 2, respectively. During phase 1 average intake was 7.10 ± 3.97, 5.10 ± 3.59, 
and 3.55 ± 4.89 kg/d for RW, MW, and WW, respectively. Three heifers preferred the 
RW first and MW second. Two heifers preferred MW first and RW second. One heifer 
chose WW first and was a potential outlier in the group for taste preference. Average 
preference rankings were 1.67, 1.83, and 2.50 for RW, MW, and WW with lesser 
numbers indicating greater preference. Overall, W = 0.19 for agreement of preference 
among heifers with P = 0.31. When the outlying heifer was removed W = 0.53 with P 
= 0.07. Results showed RW was slightly preferred over MW and both were preferred 
over WW with more consumption of RW when all three water types were offered. 
Keywords: water treatment, palatability, dairy heifer 
INTRODUCTION 
Growth performance and health of dairy calves are important aspects of dairy 
calf management. Poor water quality can negatively impact the palatability and 
consumption by livestock and lead to compromised health and overall performance 
(NRC, 2001). Young dairy calves are some of the most selective and vulnerable 
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animals on the dairy farm when it comes to palatability and health issues. For calves 
with developing immune and digestive systems, water intake has a large impact on 
calf growth performance (Kertz et al., 1984; Gottardo et al., 2002), rumen 
development, early starter intake (Appelman and Owen 1975) and nutrient utilization 
(NRC 2001). Therefore, we hypothesized that improved water quality of water treated 
with reverse osmosis (RW) would increase the overall palatability by heifer calves 
compared to municipal city water (MW), and untreated well water (WW). Water 
purification technology (RW; Culligan International Company, Higgins Rd, 
Rosemont, IL 60018) used a semipermeable membrane to remove larger particles in 
the water including some mineral such as iron and microorganisms. Municipal water 
was treated by the local municipal city water treatment center (Brookings, SD) for 
safety as ground water can have greater concentrations of macro and micro-minerals 
and microbial contamination. Excess concentrations of some constituents have direct 
effects for water palatability and effects human or animal digestive function and 
health. Despite treatment, MW was still considered hard water with greater 
concentrations of several minerals and total dissolved solids compared to RW water. 
Well water was obtained from a local dairy farm and was untreated ground water with 
the greatest concentration of minerals compared to both MW and RW. As commonly 
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found in eastern South Dakota it was very hard water, because of high concentration 
of calcium and magnesium. In addition, iron, manganese and aluminum contribute to 
the water hardness (Patience, 1994). It has been informally observed that most local 
dairy farmers use municipal water or well water because of convenience, with limited 
thought of if water quality affects drinking behavior and cattle performance. The 
effects of drinking water preference on the performance and health of dairy calves 
have scarcely been studied. Therefore, the objective of this study was to determine the 
effects of water quality on drinking water preference and intake by dairy heifers.  
MATERIAL AND METHODS 
All animal use protocols were approved by the South Dakota State University 
Institutional Animal Care and Use Committee. Six weaned heifer calves were used 
approximately 100 ± 6.5 d old (137 ± 5.9 kg BW) in a sequential elimination study 
(Nombekela et al., 1994; Erickson et al., 2012) to determine the palatability or calf 
preference to different water types. Three waters sources were tested including: 1) 
purified reverse osmosis water (RW), 2) municipal city water (MW), and 3) untreated 
well water (WW). Water composition is presented in Table 2.1. The study was 
conducted in September 2015 at the South Dakota State University Dairy Research 
and Training Facility (Brookings, SD). Heifer calves were kept in individual pens 
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(150 × 300 cm) and bedded with dried wood shavings. All the 6 heifer pens were 
inside a building for protection from the environment. Grass hay was fed ad libitum. 
Grower pellets (Hubbard Feed, Mankato, MN) were fed twice daily at rate of 2.27 kg 
of pellets per time. Five similar containers (Springer Magrath, MN) for water were 
provided along the long side of the pens. Each containers size was 26.5 cm width, 
27.5 cm long and 27.5 cm deep and could hold up to 14 L of water. The end container 
on each side was left empty to avoid border effects. Heifers were given a 3 d 
adaptation period to the pens, water and feeding methods. During this adaptation, 
MW was offered in all 3 test pails to establish baseline intakes. Phase 1 was 3 d in 
which heifers were offered all 3 water types. After a period of 3 d the preferred water 
type of each heifer was removed and for 2 d they were offered the remaining 2 waters 
ad libitum. Water and feed were offered and weighed at 0900 h each day. Water levels 
in each container were checked and more was added as necessary at 0600, 1400, and 
1800 h to assure ad libitum intakes. The second feeding of pellets per d was also 
given at 1800 h. Daily intakes of all water types were recorded. Each day, the position 
of the container of each test water offered was randomized for each heifers so that 




Three samples of each water type were collected during the test period for 
compositional analysis. Composition of the water sources were analyzed by 
DairyLand Laboratories (Arcadia, WI). All analytical methods are from “Standard 
method for the examination of waters and wastewaters, 18th Edition”. Water nitrate 
composition was analyzed using the nitrate electrode method (4500NO3-D. pp. 4-88.) 
Mineral composition including Sulfates, Calcium, Magnesium, Copper, Iron, Zinc, 
Sodium, Manganese, Phosphorus, and Potassium were analyzed using the Inductively 
Coupled Plasma (ICP) Method (3120 B. pp. 3-34). Chloride was analyzed using the 
Potentiometric Method (4500 Cl-. pp 4-51). Water pH was analyzed using the 
electrometric Method (4500-H B. pp. 4-65). Presences of coliforms were determined 
using the Chromogenic Substrate Test (9223 B pp. 9-65). Total dissolved solids (TDS) 
were measured using a gravimetric method and dried at 180° C until there were no 
changes in dish weights (2540C. pp. 3-55).  
Pellets and hay composites were dried in duplicate for 48 h at 55℃ in a 
Dispatch oven (Style V-23, Dispatch Oven Co., Minneapolis, MN). Dried samples 
were ground to 2 mm particle size using a Wiley Mill (model 3; Arthur H. Thomas 
Co., Philadelphia, PA), then ground further to 1 mm particle size with an 
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ultracentrifuge mill (Brinkman Instruments Co., Westbury, NY). To correct analyses 
to 100% DM, 1 g aliquots of samples were dried for 3 h in a 105℃ oven. Grass hay 
samples and pelleted starter samples were analyzed for nitrogen content by Dumas 
combustion analysis (AOAC International, 2002; method 968.06), on a Rapid N 
cube (Elementar Analysensysteme, GmBH, Hanau Germany). To find CP 
concentrations,  nitrogen content was multiplied by 6.25. Neutral detergent fiber 
(NDF; Van Soest et al., 1991) was analyzed by using the Ankom 200 fiber analysis 
system (Ankom Technology Corp., Fairport, NY). Heat stable α amylase and sodium 
sulfite were used for NDF analysis. Starch concentration was found using a 
modified method of glucose analysis (Bach Knudsen, 1997) completed on an YSI 
2700 Select Biochemisty Analyzer (YSI Biochemistry Analyzer, YSI Inc., Yellow 
Spring, OH).  
Heifer calves were weighed and measured for frame size at the start and end 
of the study for characterization of body size. Water preferences were analyzed by 
assigning a rank for most preferred based on the consumption of water from each 
source. Rankings were determined by giving a 1 to most preferred water and 3 for 
least preferred water for each day. Consumed water intakes during phase 1 and 2 were 
considered for rankings. Kendall’s coefficient of concordance (W) was calculated to 
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indicate agreement in preference ranking among heifers (Nombekela et al., 1994). 
RESULTS AND DISCUSSION 
Chemical Composition of Water 
 Table 2.1 presents chemical composition of RW, MW, and WW. Major 
differences are the Ca, Mg, K, Na, Cl, and Sulfate content. These differences are 
because of RW are purified water by sending it through a semi-permeable membrane. 
The sulfate content was much less RW compared to MW and WW. Greater than 1000 
mg/L of sulfate causes severe problems for cattle. Also, the combination of Mg and 
Na may increase the severity of the problems. Cattle are consuming greater amounts 
of sulfates in water may decrease the feed intake and water intake (Weeth, et al., 
1971). Increased iron consumption through water or feed may also cause diarrhea. 
Young calves are especially vulnerable to diarrhea. Total dissolved solids were more 
in WW and MW compared to RW. Saline or sodium chlorides (NaCl) are the main 
factors contributing to increases in TDS concentrations. Amount of feed intake and 
total water consumption may be affected with the concentration of TDS and NaCl in 
the water. Less than 3000 mg/L TDS in drinking water should have no effect on cattle, 
but there is a chance it could cause diarrhea in young calves (NRC, 2001). Hardness 
of the water also plays a major role in the drinking behavior. Hardness is generally 
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measured by CaCO3 concentration in water. In NRC (1974) guidelines of hardness, 
older cows will not be affected by less than 290 mg/L of hardness in water. In our 
water, MW and WW were harder than RW. Nitrate-N concentration was comparable 
among water sources. Even small increases of nitrate-N may influence the microbial 
ecosystem in rumen and may cause digestive problems (NRC, 2001).  
Nutrient Composition of Grower Pellets and Hay 
The grower pellets were from a commercial source and of proprietary 
ingredient composition. The analyzed DM, CP, and starch content of grower pellets 
were 89.04, 18.63, and 21.25% on as DM basis, respectively. The measured DM, CP, 
and NDF content of grass hay were 84.44, 6.98, and 61.10 % on DM basis, 
respectively. The hay and grower pellets were the normal herd diet for heifer calves of 
this age range at the Dairy Research and Training Facility (Brookings, SD) at the time 
of the study.   
Body Weight, and Frame Measurements  
Mean BW of heifer calves was 132.47 kg. Body frame sizes of heifer calves 
were measured and mean hip height, withers height were 103.75 and 99.84 cm, 
respectively. Average body condition score of all six heifer calves was 2.92 and 
average daily gain (ADG) was 1.02 kg/d during the study. Overall heifer calves were 
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fairly uniform for body size characteristics. With the exception of heifer calf number 
3, all heifer calves maintained normal growth rate during the 9 d experimental period. 
Average DMI of grass hay was 1.23 ± 0.19 kg/d during the phase 1 and 1.30 ± 0.23 
kg/d during the phase 2. Heifer calves average pellet DMI was 8.42 ± 0.25 kg/d 
during the phase 1 and 8.59 ± 0.56 kg/d during phase 2. Mean DMI of grass hay and 
grower pellets intakes were increased during the trial period as normal for growing 
heifers (Chapman et al., 2016). The offering of different water sources did not appear 
to influence feed intake in this short-term study. 
Intakes 
Average total intake of water by each heifer calves is presented in Table 2.2. 
Average total water consumption was fairly consistent between the adaption period 
and Phase 1 with 0.25 kg/d difference in average daily intake. When the preference 
water was removed in phase 2 there was an average of 0.82 kg/d decrease in water 
consumption. This because water quality factors such as organoleptic, 
physio-chemical and microorganisms affects to the consumption. Organoleptic factors 
like odor, taste and physio-chemical factors like pH, TDS and hardness may easily be 
detectable by animals and depress water consumption (Beede, 1993). In addition 
Holstein heifers increased preference for drinking water when salinity approached 
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2,000 mg/L. Water consumption decreased dramatically when salinity was greater 
than 2,500 mg/L (Wegner and Schuh, 1974). In contrast to our findings that total 
consumption decrease when the most preferred water was removed, a feed 
preferential study with kelp inclusion rates (Erickson et al. 2012) reported that when 
the most preference feed was removed it did not affect to the mean daily DMI. Also, 
Chapman et al. (2016) reported that DMI was not affect with the removal of most 
preferred diet in preference study of essential oil (Cinnamaldehyde) inclusion rates. 
Average and total water intakes by each water sources are shown in Table 2.2. 
During phase 1, RW intake was greatest among 3 water treatments. Average intake of 
RW was 7.08 kg/d. Second preference of heifers was MW with an average intake of 
5.08 kg/d. Last preference was WW with an average of intake 3.54 kg/d. During the 
second phase, the most preferred water was removed from each heifer which skews 
the daily average intake. The purpose of phase 2 was mostly to establish ranking of 
second and third preferences and less focused on establishing intake amounts. 
Table 2.3 shows the number of d in phase 1 that heifers picked or consumed 
the most of a certain water type. Most heifers chose their favorite water source for all 
3 d. Heifer 3 chose MW on the 1 d of the period and then chose RW on 2 and 3 d. It is 
speculated that her choice on 1 d was because MW is the normally used water and 
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there was some precondition or bias to choose it. Heifer calf 4 chose MW for 2 d and 
WW for 1 d. Heifer calf 5 chose MW over RW on 3 d, however it should be noted 
that heifer calf 4 consumed comparable amounts of both MW and RW (Table 2.2) and 
there was a 1.18 kg average daily difference in her intake between the two water 
sources.  
The overall ranking for preference of water source is presented in second part 
of the Table 2.3. Results demonstrate that heifer calves preferred the RW. Municipal 
city water is a close second. Untreated well water was less preferred compared to RW 
or MW. Only one heifer calf (#2) preferred the WW and was a potential outlier in the 
population for taste preferences. Overall, W = 0.19 for agreement of preference 
among heifers with P = 0.31. When the outlying heifer was removed W = 0.53 with P 
= 0.07. Results demonstrated the amount of total dissolved solids and hardness of the 
water source may influence taste preferences and drinking behavior of growing dairy 
cattle. 
CONCLUSION 
According to the results, heifer calves first water preference was RW, the MW 
is a close second, and third water preference was WW. Only 1 heifer calf of the 6 
preferred WW. Because heifer calves were normally given and adapted to MW this 
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may have biased taste preference towards MW. There was a clear preference by 5 out 
of 6 heifer calves to prefer RW over WW. In situations where well water is the only 
source of water available, a reverse osmosis system may encourage more water intake 
by growing dairy cattle.  
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Table 2. 1. Chemical composition of reverse osmosis water (RW), municipal city 
water (MW) and untreated well water (WW)  
 Water Type 
Item RW MW WW 
Number of samples 3 3 3 
Nitrate-N, mg/L 1.18 1.45 1.19 
pH 7.88 8.06 7.66 
Calcium, mg/L 6.03 44.65 230.49 
Magnesium, mg/L 1.13 40.77 94.26 
Phosphorus, mg/L 0.10 0.47 0.06 
Potassium, mg/L 0.23 3.51 8.22 
Copper, mg/L 0.01 0.02 0.02 
Iron, mg/L 0.04 0.18 0.25 
Zinc, mg/L 0.03 0.03 0.02 
Sodium, mg/L 2.95 22.44 73.94 
Manganese, mg/L 0.00 0.01 0.23 
Chloride, mg/L 6.33 25.67 6.67 
Sulfates, mg/L 1.14 231.83 622.05 
Total Dissolved Solids
1
, mg/L 296.67 518.33 1431.67 
Water Hardness as CaCO3 , mg/L 19.67 279.67 963.67 
E Coli, cfu/ml nd nd 1200.00 
1




Table 2. 2. Total daily water intakes (kg/d) by heifers in each phase and water intakes 
by each heifer in each phase of well water (WW), reverse osmosis water (RW) and 
municipal city water (MW) 
1








1 2 3 4 5 6 Mean  
Adaption
1
 Total 17.63 16.76 14.04 17.94 16.70 12.62 15.95 
1  Total 17.00 17.88 13.20 15.46 17.06 13.62 15.70 
2 Total 15.86 17.46 11.60 15.81 15.74 12.81 14.88 
1 RW 12.38 1.51 8.67 5.55 4.50 9.88 7.08 
 MW 4.17 3.23 4.47 6.73 11.20 0.69 5.08 
 WW 0.45 13.14 0.06 3.17 1.36 3.05 3.54 
2 RW NA 2.08 NA 10.92 14.81 NA 4.64 
 MW 15.76 15.38 11.46 NA NA 3.53 7.59 
 WW 0.67 NA
2
 0.14 4.89 0.95 9.29 2.66 
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Table 2. 3. Number of days that water type was the preferential by heifer in phase 1 
and mean and by heifer preference ranking
1
 of each water source 
  Heifer Total d 
 
Mean 
Ranking  Water Type 1 2 3 4 5 6 
Days Preferred RW 3 0 2 0 0 3 8  
 MW 0 0 1 2 3 0 6  
 WW 0 3 0 1 0 0 4  
Ranks
1
 RW 1 3 1 2 2 1  1.67 
 MW 2 2 2 1 1 3  1.83 
 WW 3 1 3 3 3 2  2.50 
1




CHAPTER 3: GROWTH PERFORMANCE AND HEALTH OF DAIRY 
CALVES GIVEN WATER TREATED WITH A REVERSE OSMOSIS 
SYSTEM COMPARED TO MUNICIPAL CITY WATER 
 
This chapter is published as:  
Senevirathne, N. D., J. L. Anderson, and M. Rovai. 2018. Growth performance and 
health of dairy calves given water treated with a reverse osmosis system compared 
to municipal city water. J. Dairy Sci. 101: 8890-8901. 
https://doi.org/10.3168/jds.2018-14800. 
ABSTRACT 
 Our objective was to determine effects of drinking reverse osmosis water 
(RW) versus municipal city water (MW) on growth, nutrient utilization, and health 
scores of calves. Twenty-four Holstein calves (14 females, 10 males; 2 d old, 44.6 ± 
6.10 kg BW), housed in individual hutches, were used in a 10-wk randomized 
complete block design study. Calves were blocked by birthdate and sex. Treatments 
were RW (Culligan Water Filtration System, Brookings, SD) versus MW (Brookings 
Municipal Utilities, Brookings, SD) which contained 13 and 387 mg/L total 
dissolved solids, respectively. Milk replacer (28% CP; 18% Fat) was fed twice daily 
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during wk 1 through 5 and then once daily during wk 6. At each feeding 0.45 kg of 
dry milk replacer was mixed with 2.83 L of respective water type according to 
treatment. Calves were fed water, respective to treatment, and calf starter pellets 
were fed ad libitum throughout the study. All intakes were recorded daily. Daily total 
respiratory scores (healthy ≤ 3, sick ≥ 5) were calculated from the sum of scores for 
rectal temperature, cough, and ocular, and nasal discharge. Fecal consistency scores 
(0 = firm, 3 = watery) were also recorded daily. Body weights (BW) and frame 
growth were measured 2 d every 2 wk and jugular blood samples were collected 1 d 
every 2 wk at 3 h post morning feeding. Fecal grab samples were collected 5 times 
per day for 3 d during wk 10 for analysis of apparent total tract digestibility (TTD) 
of nutrients. There were treatment by week interactions for DMI and gain:feed. Total 
DMI increased more during the study for RW than MW. Gain:feed ratio was greater 
during the first few weeks of the feeding period for RW compared to MW and then 
comparable during the rest of study. Water intake was less in RW than MW, 
potentially indicating more efficient water use by calves. Frame growth, BW, ADG, 
serum glucose, plasma urea nitrogen (PUN), β-hydroxybutyrate (BHB), TTD of DM 
and CP were similar. Fecal scores tended to be lower (firmer) in calves on RW, with 
an interaction by time. Respiratory scores decreased during the weaning period 
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when calves drank RW. Results demonstrated calves drinking RW had similar 
growth and improved health scores with treatment by time interactions compared to 
MW.  
Keywords: reverse osmosis water, growth performance, dairy calf 
INTRODUCTION 
Water is the most important essential nutrient and although calves are fed 
milk replacer or milk, they still need drinking water for their metabolism and 
wellbeing. Adequate water consumption is essential for optimal growth and is 
associated with DMI. Kertz et al. (1984) observed that calves ate more calf starter 
and had greater body weight (BW) when limited amounts of milk and ad libitum 
water were offered. Water is 70 - 75% of the weight of the calf which maintains 
thermoregulation and osmoregulation in the body and is used as a solvent of 
nutrients (Davis and Drackley, 1998). In addition, greater water consumption has 
been shown to increase early starter intake (Appelman and Owen, 1975). Primarily, 
the water requirement for calves is affected by DMI, moisture content in the feed 
(Dahlborn et al., 1998), environmental temperatures (Murphy et al., 1983), 
physiological stage of the animal, and age of the animal (Meyer et al., 2004). 
Senevirathne et al., (2016) reported in a taste preference study that when weaned 
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calves were offered water treated with a reverse osmosis (RW) or municipal city 
water treatment plant (MW) compared to untreated well water, they preferred 
treated RW first followed by MW. Young calves require a greater amount of water 
per unit of body size than mature animals (Maynard et al., 1979). Feeding calves ad 
libitum milk during pre-weaning period is one method to provide more water to the 
calves at early stage (Jasper and Weary, 2002). Although, feeding greater amount of 
milk have been shown to decrease post-weaning calf growth and starter intake 
(Bar-Peled et al., 1997).  
During pre-weaning period, suckled whole milk or milk replacer bypasses 
the rumen and goes to the abomasum via esophageal groove closure. This process 
prevents as much water entering the rumen which could influence bacterial growth 
and the start of rumen fermentation. Therefore, providing clean fresh separate 
drinking water is essential for calves to have good rumen and bacterial development 
(Church, 1991; Ensminger et al., 1990). However, despite the vital importance of 
water, there is limited recent research available specifically related to calves and the 
effects of different water sources or quality on water intake, nutrient utilization, and 
health during the pre-weaning and post-weaning period. As newborn calves have 
developing immune and digestive systems, any improvements water quality may 
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have impact on calf performance. Therefore, it was hypothesized that using RW 
mixed with milk replacer and offered ad libitum to the calves will increased feed 
efficiency, enhance growth performance and health compared with MW. Objectives 
of this experiment were to determine the effects of drinking RW versus MW on 
growth performance, nutrient utilization and general health scores of dairy calves. 
MATERIALS AND METHODS 
The research was conducted under approved experimental procedures by the 
South Dakota State University Institutional Animal Care and Use Committee under 
animal welfare assurance number A3958-01 and protocol number 15-058E.  
To test our hypothesis and meet our objectives 24 newborn Holstein calves 
(14 females and 10 males) were used in a randomized complete block design 
experiment. Calves were blocked by birth date and sex, then randomly assigned to 
one of two treatments. Treatments were: 1) municipal city water (MW, Brooking 
Municipal Water Treatment Facility, Brookings, SD), and 2) treated reverse osmosis 
water (RW, Culligan Water System, Rosemont, IL). The project was conducted 
from August 2015 to December 2015 at the South Dakota State University Dairy 
Research and Training Facility, Brookings, South Dakota (SDSU DRTF). Calves 
were housed in individual hutches (Calf-Tec, Hampel animal care, Germantown, WI, 
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USA) with 223 x 98 x 133 cm for length, width and height, respectively. Hutches 
were placed on ground and bedded with wheat straw. The overall average birth 
weight of the calves was 44.6 ± 6.10 kg. Calves were fed 3.78 L of first colostrum 
from the dam immediately at birth and 2.83 L was offered in a second feeding 6 h 
later. Brix 0-32% optical refractometer (JO351B; Jorgensen laboratories, Inc. 
Loveland, CO) was used to determine colostrum quality. Colostrum that had brix 
score 22% or greater was considered as good quality colostrum. Calves were fed 
formulated colostrum (AGRI-TECH, Watertown, SD, 57201) when quality 
colostrum were not available. Calf serum protein (6.4 ± 0.8 g/dL) was checked with 
a refractometer (J-351; Jorgensen laboratories, Inc. Loveland, CO) to assure 
adequate transfer of maternal immunoglobulins.  
The two water types were both obtained for daily use at the SDSU facility. 
The MW was received from the municipal water system. The city of Brookings, SD 
receives water from the underground aquifers, which is equivalent to approximately 
20 square miles. The initial step at the water treatment plant is the aeration which 
removes hydrogen sulfide, iron and manganese. Then water enters to the solid 
contact basin. Lime and alum are added to remove the minerals, which then settle to 
the bottom of the solid contact basin. Then this bottom sludge is pumped to drying 
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beds. The cleaned water is removed from the surface and sent through sequential 
gravity filters. These gravity filters remove remaining particles. Chlorine and 
fluoride is then added before delivery to the distribution system (Brookings 
municipal utilities, 2012). A house-hold size reverse osmosis water system was 
installed at the SDSU DRTF. All equipment of RW system was manufactured by 
Culligan international Company (9399 W, Higgins Rd, IL). The RW system was 
used to further purify the MW water received at the dairy unit from the municipal 
water system. First cold water entered to sediment tank, which removed sediment 
sand, dirt, and removed some chlorine. Then, sodium chloride was added as water 
softener (S/N 148211). After adding softener, water ran through a carbon filter 
cartridge (S/N 01015013CJL09). After passing through the carbon filter, water was 
filter through the reverse osmosis membrane (S/N 01015013CJL09). The minimum 
filtration particle size of the membrane was 10 microns. The capacity of the reverse 
osmosis membrane was 757 liters of RW per day. Water flowing through the RW 
membrane was controlled by a flow restrictor (S/N VK06016203). The purified RW 
was stored in a 250 L bulk tank until feeding times. 
The total experimental period was 10 wk consisting of pre-weaning (first 6 
wk) and post-weaning periods (last 4 wk). The farm portion of the study took 5 mo 
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to complete due to the calving rates at the time of the study. During pre-weaning 
period, milk replacer was fed to each treatment at the same rate (0.45 kg MR/ 2.83 L 
of water), but from different water source according to treatments. Milk replacer 
(Hubbard, Inc., Mankato, MN) was fed twice daily until 5 wk of age. Week 6 was a 
transition period, in which calves were given milk replacer once daily. In the last 4 
wk of the experimental period no milk replacer was fed. During the entire 10 wk 
experimental period calves had ad libitum access to a commercially available starter 
pellets (Hubbard, Inc., Mankato, MN) and respective water according to treatment 
assignment. Individual calf intakes of water, milk replacer, and calf starter pellets 
were weighed and recorded daily throughout the study.  
Measurements and Sample Collection 
Milk replacer and calf starter pellet samples were taken once weekly 
throughout the study and composited by month for nutrient analysis. Water samples 
were collected once a month and sent directly to a commercial laboratory for 
analysis (DairyLand Laboratories Inc., Arcadia, WI). Health scores were observed 
daily after the morning feeding by one individual according to criteria developed at 
the University of Wisconsin School and Veterinary Medicine (McGuirk, 2005). The 
scores range from 0 to 3 as the clinical sign progresses from normal to very 
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abnormal and included: rectal temperature, coughing, nasal and ocular discharge, 
and fecal consistency (0=firm and 3=watery). Respiratory scores were then 
calculated as the sum of scores for rectal temperature, cough, ocular, and nasal 
discharge as described by McGuirk (2005). The minimum total respiratory score a 
calf could receive was 0 if completely healthy and the maximum total respiratory 
score was 12 for an extremely sick animal. Rectal body temperature was measured 
daily between 0500 to 0600 h using a probe thermometer (DeltaTrak, Pleasanton, 
CA; model 11064). Every 2 wk, at 3-4 h after morning feeding on two consecutive 
days, calves were measured for body frame growth including withers height, heart 
girth, paunch girth, body length, and hip width. Body length was measured from the 
top point of withers to the end of the ischium (Hoffman, 1997). Calf body condition 
scores (BSC), on a scale of 1 to 5 with 1 being emaciated and 5 being obese, were 
recorded by 3 independent individuals on the same schedule as growth 
measurements (Wildman et al., 1982). Body weights were measured at the same 
time as frame measurements and used to determine feed efficiency (ADG and 
gain:feed ratio). Jugular blood samples were collected at the same time as BW and 
frame measurements for analysis of plasma glucose concentration, plasma 
β-hydroxybutyrate concentration (BHB), and plasma urea nitrogen concentration 
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(PUN). Blood samples were collected approximately 3-4 h post morning feeding via 
venipuncture of a jugular vein into vacutainer tubes (Becton, Dickinson, and 
Company, Franklin Lakes, NJ) containing sodium fluoride (NaF1) for glucose 
analysis or potassium ethylene diamine tetra-acetic acid (K2EDTA) for the other 
analyses. Following blood collection, samples were immediately placed on ice and 
then brought within one hour to the laboratory for processing. Blood collected tubes 
were centrifuged at 1000 × g for 20 min at 4℃ (CR412 Jouan Inc., Winchester, VA). 
Plasma or serum was transferred into polystyrene storage tubes and frozen at -20℃ 
until further analysis.  
During wk 10, fecal grab samples were taken to measure apparent total tract 
digestibility (TTD) of DM, CP, and fiber by the calves. Over 3 d, fecal grab samples 
were collected at 0430, 0630, 1200, 1630 and 1800 h time points and kept frozen 
(-20℃) until subsequent processing and analysis.  
Laboratory Analysis 
 Water samples were sent to a commercial laboratory (DairyLand 
Laboratories Inc., Arcadia, WI) for analysis. All analytical methods used were 
approved by “Standard method for the examination of waters and waste waters, 18th 
Edition”. Water nitrate composition was analyzed using the nitrate electrode method 
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(4500NO3-D. pp. 4-88.). Mineral composition including Sulfates, Calcium, 
Magnesium, Copper, Iron, Zinc, Sodium, Manganese, Phosphorus, and Potassium 
were analyzed using the Inductively Coupled Plasma (ICP) method (3120 B. pp. 
3-34). Chloride was analyzed using the Potentiometric method (4500 Cl-. pp 4-51). 
Water pH was analyzed using the electrometric method (4500-H B. pp. 4-65). 
Presences of coliforms were determined using the Chromogenic Substrate Test (9223 
B pp. 9-65). Total dissolved solids (TDS) were measured using a gravimetric method 
and dried at 180° C until there were no changes in dish weights (2540C. pp. 3-55). For 
comparison, total dissolved solids were also measured using an Orion electrical 
conductivity detector (Midwest laboratories, Omaha, NE). 
As mentioned, equal portions of feeds on an as-fed basis were combined in 
monthly composites for nutrient analysis. Fecal grab samples that were collected 
during wk 10 were composited on an equal wet weight basis from each collection time 
for each calf. Individual feed ingredient samples, calf starter pellets composites, and 
fecal composites were dried in duplicate for 48 h at 55℃ in a Dispatch oven (Style 
V-23, Dispatch Oven Co., Minneapolis, MN). Dried samples were ground to 2 mm 
particle size using a Wiley Mill (model 3; Arthur H. Thomas Co., Philadelphia, PA), 
then ground further to 1 mm particle size with an ultracentrifuge mill (Brinkman 
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Instruments Co., Westbury, NY). To correct analyses to 100% DM, 1 g aliquots of 
samples were dried for 3 h in a 105℃ oven. Ash content was analyzed by incinerating 
a 1 g samples for 8 h at 450℃ in a muffle furnace (AOAC International, 2002; 
method 942.05). Organic matter was calculated as OM= (100 - % Ash). Milk 
replacer samples and pelleted starter samples were analyzed for nitrogen content by 
combustion method (AOAC International, 1995; method 990.03). To find CP 
concentrations, feed sample nitrogen content was multiplied by 6.25 and MR 
nitrogen content was multiplied by 6.38. Neutral detergent fiber (NDF; Van Soest et 
al., 1991) and acid detergent fiber (ADF; Robertson and Van Soest, 1982) were 
analyzed by using the Ankom 200 fiber analysis system (Ankom Technology Corp., 
Fairport, NY). Heat stable α amylase and sodium sulfite were used for NDF analysis. 
Feed samples were analyzed for ether extract (EE) content using diethyl ether 
(AOAC International, 2002; method 920.39) in an Ankom XT10 fat analysis system 
(Ankom Technology Corp.). Non-fibrous carbohydrates (NFC) were calculated as % 
NFC=100 - (% Ash + % CP + % NDF + % EE) according to the NRC (2001).  
Monthly composites of calf starter pellets and MR samples were sent to a 
commercial laboratory (Dairyland laboratories Inc, Arcadia, WI) for additional 
analysis. Milk replacer samples were analyzed for fat, Ca, P, Mg, K, S, Na, and Cl. 
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Calf pelleted starter was analyzed for starch, Ca, P, Mg, K, S, Na, and Cl. Milk 
replacer fat content was analyzed using Mojonnier methods (AOAC International, 
2002; method 989.05). Mineral content, excluding chloride, was determined using 
inductively coupled plasma spectroscopy (AOAC International, 1995). Chloride 
content was determined using a direct reading chloride analyzer (Corning 926, 
Corning Inc., Corning, NY). Starch was analyzed using a modified procedure 
analyzing glucose using YSI Biochemistry Analyzer (YSI Inc., Yellow Springs, OH; 
Bach Knudsen, 1997). 
For apparent total tract digestibility calculations, acid detergent insoluble 
ash (ADIA) was used as an internal marker. The ADIA content of feeds and feces 
was determined by analyzing samples for ADF as previously described and ash 
content was determined by incinerating the Ankom F57 bags for 8 h at 450℃ in a 
muffle furnace. Calculations for apparent total tract digestibility were done as 
described by Merchen (1988).  
Blood metabolites including plasma glucose, BHB, and PUN 
concentrations were analyzed with commercially available enzymatic or 
colorimetric assay kits on a microplate spectrophotometer (Cary 50, Varian Inc., 
Walnut Creek CA.). Plasma glucose concentration was analyzed by glucose oxidase 
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as described by Trinder (1969; Pointe scientific Inc., Canton, MI). Concentration of 
BHB was analyzed by β-hydroxybutyrate dehydrogenase and diaphorase according 
to method described by Williamson et al. (1962; Pointe Scientific Inc.). Diacteyl 
monoxime was used to PUN (Procedure 0580; Stanbio Laboratory, Boerne, TX).  
Statistical Analysis 
R Statistical Software (R Core Team, 2015) was used for quantification of 
means and standard errors (SE) for nutrient analyses data of the feeds and water 
types. Calf intake, growth data, health scores, and metabolic profile parameters were 
analyzed as a randomized complete block design with repeated measures using the 
MIXED procedures of SAS (Littell et al., 2006). The model included treatment, 
week, sex, and interactions of these terms. Initial body size measurements and BW 
were included as covariates within the model for their respective variables. Repeated 
measures by week of the feeding period were done on intakes, BW, body measures, 
health scores, and metabolites using calf (block) as the subject. Akaike’s criterion 
was used to determine the most suitable covariance structure in repeated measures 
for each parameter. Covariance structures tested were compound symmetry, 
first-order autoregressive, Toeplitz, and unstructured. Compound symmetry was 
chosen as the covariance structure due to having the least absolute Akaike’s values. 
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Least square means were compared using Tukey test and the slice option was used 
to determine the P-values for treatments during individual weeks and stages. As 
there were limited treatment × sex interactions, so those results are not presented. 
The ADG for body weight and change per day for body frame measurements were 
estimated directly by the difference between two collection points in time divided by 
the number of days in the time period [i.e. (wk 2-wk 0)/14 days]. Gain: feed ratio 
was calculated as the ratio of ADG of body weight to total DMI for each treatment, 
which included dry matter intake of MR and calf starter pellets. 
 Apparent TTD of nutrients was analyzed using MIXED procedures of SAS, 
including only treatment in the model and block as a random variable. Least square 
means were compared using Tukey test. Significant differences among treatments 
were declared at P ≤ 0.05 and tendencies were declared at 0.05 < P ≤ 0.10.  
RESULTS AND DISCUSSION 
Chemical Composition of Water 
Table 3.1 presents chemical composition of MW and RW. Major differences 
are the calcium, magnesium, potassium, sodium, chloride and sulfate content. These 
differences are because of RW was purified by sending it through a semi-permeable 
membrane. The sulfate content of the MW was 195.05 mg/L compared to 1.36 mg/L 
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in the RW. The NRC (2001) recommendation is less than 500 mg/L of sulfate for 
calves. Greater than 1,000 mg/L of sulfate affects intakes of heifers and cows (Beede, 
2005; NRC, 2001). In early research Weeth and Hunter (1971) observed when 
heifers drank water which had a sulfate concentration of 3,493 mg/L, it led to 
decreased water intake, weight gain and DMI. However, Weeth and Capps (1972) 
compared three sulfate concentrations including 110, 1462, and 2814 mg/L and 
found 1,450 mg/L as an acceptable sulfate concentration for heifers. Also in that 
study, regardless of treatment heifers had weight gain, but heifers fed water that 
contained a sulfate concentration of 2,814 mg/L had less weight gain compared to 
heifers that drank water that had a sulfate concentration of 1,462 mg/L. In addition, 
Weeth and Capps (1972) and Weeth and Hunter (1971) found that cattle rejected or 
reduced water consumption when sulfate concentration was 2,500 mg/L or more. 
Iron content in MW and RW was 0.17 and 0.04 mg/L respectively. In general water 
with 0.3 mg/L or more is considered as at risk for human health concerns and may 
have considerable impact for cows (Beede, 2005). In addition, Svensson et al. 
(2003) found that calves has greater diarrhea incidence when consuming water or 
feed that has greater iron concentrations.  
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Total dissolved solid consumption was greater in calves drinking MW than 
calves drinking RW. Total dissolved solid presents the sum of inorganic minerals 
dissolved in water. The TDS is important physiochemical property to assess water 
quality. Sodium chloride is the main factor contributing to increases in TDS 
concentrations. Less than 1000 mg/L TDS in drinking water has been shown to not 
impact on cattle, also less than 3,000 mg/L is generally safe and may only cause 
mild diarrhea in cattle (NRC, 2001). In the present study, it was observed that TDS 
for both RW and MW were less than 1000 mg/L. The TDS values varied when 
waters were analyzed using the gravimetric method versus the electrical 
conductivity method. Electrical conductivity readings mostly depend on type of 
conductivity meter and probe which was used for measuring TDS. The probe needs 
to be changed with respect to the water type. Therefore, this may be the reason for 
having different results from the two methods.  
Hardness is generally measured by concentration of calcium, magnesium, 
and other iron in water. Graf and Holdaway (1952), Blosser and Soni (1957), and 
Allen et al. (1958) have proved that water that contained 290 mg/L hardness had no 
impact on BW, water intake and milk production. In our waters hardness was 249 
and 17 mg/L in MW and RW, respectively. According to the NRC (1980) water 
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hardness that has more than 180 mg/L is consider as very hard water and less than 
60 mg/L is considered soft water. When chemically softening water the main 
influence is increasing the sodium concentration in water (Beede, 2005). Sodium 
concentration in water over 20 mg/L has possible negative influences for young 
calves (Beede, 2005). In this study both water types had sodium concentrations that 
were less than this concentration.  
Nitrate-N concentration was not different between the two water sources 
and both those concentrations were less than recommended maximum concentration. 
The NRC (1974) guidelines shows 0-10 mg/L of nitrate-N is safe for consumption 
by ruminants and 40-100 mg/L of nitrate-N concentration put cows at risk or could 
be lethal.  
Water pH in MW and RW was 8.23 and 7.35 mg/L, respectively. In 
livestock drinking water, a pH between 6 and 9 is acceptable and over a pH of 9 may 
influence the rumen pH (Beede, 2005). Therefore, this two water types pH were 
considered in the acceptable range.   
Nutrient Composition of Feed and Milk Replacer  
 The calf starter pellets and milk replacer were purchased from commercial 
sources (Hubbard Feeds, Mankato, MN) and the ingredient compositions were 
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proprietary and unavailable to us. Table 3.2 is the nutrient composition of the calf 
starter pellets and milk replacer used on the study. Crude protein and starch were 
22.59% and 19.52%, respectively in the calf starter pellets. Non-fibrous 
carbohydrates were 35.75% in calf starter pellets. As mentioned previously, milk 
replacer was fed at the same quantity and dilution rates for both treatments at 0.45 
kg of milk replacer/2.83 L of water. The milk replacer was listed as 28% crude 
protein and 20% fat on the product label. Product labels typically lists the least 
acceptable nutrient percentage on an as-is powder basis. Therefore, percentages 
increase slightly when actual analysis is reported on a dry matter basis. Actual CP 
and fat in milk replacer was 29.23% and 21.08%, respectively, on DM basis. 
Intakes  
Table 3.3 presents overall mean, pre-weaning and post-weaning intakes for 
water, starter DM, total DM, CP, EE, starch and NDF. Figure 3.1 also shows mean 
water intakes by week of the study. Water intake gradually increased during 
post-weaning period and it was similar in pattern to the total DMI. Similar results 
were observed by Kertz et al. (1984) and Thickett et al. (1981). In contrast to our 
hypothesis, water intake (Table 3.3 and Figure 3.1) was less in RW compared to MW. 
Mostly water hardness and TDS have been shown to affect water palatability. 
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However, our two treatments had acceptable range of hardness and TDS for 
livestock (NRC 2001). In addition, Senevirathne et al. (2016) observed in water 
preference study that RW had slightly greater palatability than MW and both water 
types had greater intake than untreated well water when the three water types were 
offered side by side. In the current study, differences in water intakes and starter 
intakes were more pronounced during the post-weaning period compared to 
pre-weaning period. During the pre-weaning period calves also consumed 5.6 L/d of 
water mixed with the milk replacer, but in the post-weaning period water 
consumption was only from the ad libitum or free-choice water intake. Pre-weaning 
water intake (Table 3.3) is presented without water that consumed with milk replacer. 
Pre-weaning water consumption of both treatments averaged 2.02 kg /d. Huuskonen 
et al. (2011) observed during pre-weaning period (age 20 to 62 d) Holstein-Friesian 
bull calves consumed less than 2 L/d. In our study pre-weaning (age 2 to 42 d) 
period Holsten-Friesian calves (14 female and 10 male) were consuming similar 
amounts of water even though they are younger. The NRC (2001) reported that 
water intake increased up to 1 L/d during one week of age to 2.5 L /d during week 
four of age. During the week one of the current study water intake was greater and 
then gradually dropped until 4 wk in both treatments. This early water intake drop 
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may have been due to the changes of colostrum milk to milk replacer (Kertz et al., 
1984). During 5 wk and 6 wk water intake in calves fed RW was lesser (P < 0.05) 
and from 6 wk water intake was progressively increased in both treatments in a 
similar manner. This change over time was associated with weaning follow by 
absence of water intake with the milk replacer, increase in DMI, and increase in calf 
body size and consequentially water requirements. During 10 wk water intake was 
less (P = 0.03) in calves fed RW compared to MW. During post-weaning MW and 
RW water were consumed 6.6 L/d in each group which was similar to results 
observed by Huuskonen et al. (2011), Kertz et al. (1984) and Thomas et al. (2007). 
Figure 3.2 shows mean total DMI by week of the study. Total DMI and starter DMI 
showed treatment by week effects and treatment by stage effects. During the 
pre-weaning mean starter DMI and total DMI were similar between treatments. But 
during the post-weaning period mean starter DMI and total DMI were greater (P < 
0.01) in calves fed RW than MW. Furthermore, results indicated that, CP, EE, starch 
and NDF intakes were also greater (P < 0.01) in calves fed RW than MW. These 
differences are attributed to the total DMI. Both treatment groups showed slow 
increases in starter pellets intake during the pre-weaning. A rapid increase of starter 
pellets was observed during the post-weaning period. Similar to this study results, a 
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slow increase in starter pellets intake during the pre-weaning period and a rapid 
increase starter pellets intake during the weaning has been demonstrated in other 
research (Senevirathne et al., 2016; Khan et al., 2007). 
Body Weight, Average Daily Gain, and Gain to Feed    
Table 3.4 shows the treatment means of BW, ADG and gain:feed. Despite 
the random treatment assignments within blocks, the RW treatment had calves that 
were 1.12 kg heavier at wk 0. But at the end of pre-weaning and post-weaning 
period BW was similar between treatments. Body weight was gradually increased in 
both treatments with age throughout the research period having mean ADG 0.70 
kg/d in calves fed MW and 0.72 kg/d in calves fed RW. During the 8-10 wk ADG 
was 1.03 kg/d in calves fed MW and 1.07 kg/d in calves fed RW. Mean daily gain 
did not fluctuate between the treatments during weaning period (4-6 wk). Gain: feed 
was greater in the calves fed RW during wk 1 and wk 2, but then was comparable 
between treatments during the rest of the study. 
 
Body Frame Growth 
In Table 3.5 means are shown for frame size measures. Overall, calves body 
frame sizes were similar between treatments. Daily changes of body frame sizes 
were also similar between treatments. Body length was greater (P < 0.01) in calves 
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fed RW than MW in 2 wk and then comparable throughout the rest of the study. 
Mean body length showed a tendency (P = 0.08) to be greater in calves fed RW 
compared to calves fed MW with 0.65 cm difference. Body condition scores are also 
presented in Table 3.5. Overall body conditions scores were similar between 
treatments. Overall BW and frame growth measurements were normal compared to 
other research with calves on similar diets and during the same period of age 
(Stamey et al., 2012; Senevirathne et al., 2016).  
Metabolic Profile  
Table 3.6 shows the blood metabolites during the study. Plasma urea 
nitrogen, glucose and BHB concentration were similar between treatments. The 
three blood metabolites that we measured in this research were in normal range for 
calves in at this age and comparable to other calf research by our group 
(Senevirathne et al., 2016). Plasma urea nitrogen concentration gradually increased 
in both treatments from 2 wk to 10 wk, and this is associated to the increase in DMI 
and consequentially CP. Plasma glucose concentration was similar between 
treatments but during the 8 wk plasma glucose concentration had tendency (P = 
0.07) to be greater in calves fed RW compared to MW. We speculate that this was 
because of calves fed RW may have had slightly better nutrient absorption than MW. 
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During this stage of life it is believed that the BHB is coming from the rumen 
fermentation (Khan et al., 2016; Omidi-Mirzaei et al., 2015) rather than metabolism 
of fatty acids. In the current study BHB was gradually increased from 2 wk to 10 wk. 
This is also related with the increase in starter intake of calves and the start of rumen 
fermentation.  
Fecal Score, Rectal Temperature and Respiratory Score  
Fecal scores, rectal temperatures, and respiratory scores results are shown 
in Table 3.7 and in Figures 3.3, 3.4, and 3.5. Overall, calves on this study were 
healthy on both treatments. In agreement with our hypothesis, fecal score and 
respiratory score were reduced in calves fed RW compared to calves fed MW. 
Overall fecal score had tendency (P = 0.10) to decrease in calves fed RW compared 
to calves fed MW. Also, there was a treatment by wk interaction (P = 0.05) and 
tendency for differences in treatment (P = 0.10) by stage for fecal scores. Both 
treatments in pre-weaning period showed slight increase of weekly fecal score and 
observed peak fecal score during 3 wk (Figure 3.3). Fecal scores decreased 
gradually until 6 wk then returned to normal condition even though calves had 
greater free-choice water intake during post-weaning. This greater water intake is 
potentially associated with weaning of calves. Jenny et al. (1978) reported that 
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calves have greater water intake when they have greater fecal scores. In contrast 
Kertz et al. (1984) found, that scouring did not affected by water intake. Scouring is 
very common problem for dairy calves as they are transitioning from maternal 
immunity to relying on their own immunes system, have developing digestive tracts, 
and are transitioning to consuming a solid diet (Kertz et al., 1984). During this 
critical period, consumption of water plays vital role (Appelman and Owen, 1975). 
In addition, weekly average fecal score was observed less (P < 0.05) in calves fed 
RW than MW during the 6, and 8. But 5 wk mean weekly fecal score was greater in 
calves fed RW than MW. During 6 wk mean weekly fecal score had tendency to be 
less (P < 0.10) in calves fed RW than MW. Body temperature was less (P = 0.01) in 
calves fed RW compared to MW during pre-weaning period and there was a 
tendency for treatment by time interaction.  
Respiratory scores had a treatment by wk interaction (P = 0.01) and 
treatment by stage interaction (P = 0.03). As hypothesized, overall mean of 
respiratory score was less (P < 0.01) in RW compared to the MW during the 
pre-weaning period and was slight reduction during post-weaning. During the 
weaning period respiratory score decreased (P < 0.01) in calves fed RW compared to 
MW (Figure 3.5). Reduction of respiratory score during weaning period may 
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influence to minimize weaning stress and it helps to transit calves from liquid diet to 
solid diet in calves drank RW. 
Total Tract Digestion of Nutrient  
During the 10 wk of the study fecal samples were collected to determine 
apparent total tract digestibility of nutrients with results presented in Table 3.8. 
Apparent total tract digestibility of DM, CP, ADF, and NDF were similar between 
treatments. There is limited research on the effects of water quality on apparent total 
tract digestibility of nutrients in calves during this age. However, DM, CP, ADF and 
NDF digestibility were comparable to other studies with calves of this age (Khan et 
al., 2007; Senevirathne et al., 2016). Even though there was greater DMI in calves 
fed RW than MW, nutrient digestibility was similar between treatments. Therefore, 
differences in water intake or composition were not enough to influence total tract 
nutrient digestibility. 
CONCLUSIONS 
In agreement with our hypotheses, results demonstrated that giving RW to 
young calves had some beneficial effects on calf health, but resulted in similar 
growth performance compared to calves that drank MW. Respiratory scores and 
fecal scores were slightly less in calves on RW compared to MW over time. Both 
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water sources had concentration of TDS below problematic threshold concentrations. 
Sulfate and iron concentrations were greater in MW compared to the RW. However, 
the mineral concentrations were under concentrations that are known to cause health 
issues in young calves. However, the results of this research indicate that even small 
improvements in water quality may yield some health benefits for growing calves.  
ACKNOWLEDGEMENTS 
This research was funded by the local branch of Culligan Water (Brookings, 
SD) with support by the South Dakota State University Agricultural Experiment 
Station. This research contributes to the goals of the USDA North Central 
Cooperative Research Project NC-2042: Management Systems to Improve 
Economic and Environmental Sustainability of Dairy Enterprises.  
73 
 
Table 3. 1. Chemical composition of municipal city water (MW) and reverse osmosis 
water (RW) 






Number of samples 5 - 5 - 
Nitrate-N, mg/L 1.45 0.09 1.21 0.11 
pH 8.23 0.11 7.35 0.40 
Calcium, mg/L 40.02 2.95 5.33 0.50 
Magnesium, mg/L 36.16 2.93 1.07 0.05 
Phosphorus, mg/L 0.36 0.09 0.07 0.03 
Potassium, mg/L 3.34 0.11 0.23 0.03 
Copper, mg/L 0.01 0.004 0.01 0.003 
Iron, mg/L 0.17 0.02 0.04 0.006 
Zinc, mg/L 0.02 0.01 0.02 0.012 
Sodium, mg/L 15.06 2.11 2.50 0.32 
Manganese, mg/L 0.008 0.001 0.002 0.0008 
Chloride, mg/L 29.06 4.95 5.20 1.31 
Sulfates, mg/L 195.05 22.85 1.36 0.19 
TDS
2
, mg/L 462.00 36.97 339.00 30.30 
TDS
3
, mg/L 387.00 - 13.00 - 
Water Hardness as CaCO3, 
mg/L 
249.00 19.52 17.00 1.50 




Total Dissolved Solids based on gravimetric analysis 
3




Table 3. 2. Nutrient composition of calf starter pellets and milk replacer fed calves   
 Pellets Milk replacer 
Item
1
 Mean  SE  Mean   SE  
DM
2
 88.10 0.01 94.63 1.37 
Ash
2
 10.96 1.27 9.41 1.54 
OM
2
 88.81 0.01 92.34 0.09 
CP
2
 22.59 0.24 29.23 0.32 
EE
2
 3.40 0.07 21.08 0.14 
ADF
2
 14.42 0.21 - - 
NDF
2
 28.28 0.34 - - 
NFC
2,3
 35.75 0.38 - - 
Starch
4
 19.52 0.28 - - 
Ca
4
 1.31 0.07 0.82 0.01 
P
4
 0.74 0.01 0.93 0.02 
Mg
4
 0.32 0.005 0.15 0.01 
K
4
 1.45 0.01 2.35 0.11 
S
4
 0.35 0.004 0.42 0.02 
Na
4
 0.28 0.01 0.97 0.07 
Cl
4
 0.45 0.004 1.43 0.05 
DCAD mEq/100g 14.32 0.61 38.05 3.31 
1
 % of DM unless otherwise indicated. 
2 
Analysis performed on monthly composites (n= 5). 
3
 NFC =100 - (% Ash + % CP + % NDF + % EE) (NRC, 2001). 
4 
Analysis performed on monthly composites (n= 4). 
5




Table 3. 3. Nutrient intakes for Holstein calves fed municipal city water (MW) and 
reverse osmosis water (RW) with common starter pellets and milk replacer 
 
Item  









Water Intake, kg/d         
Mean 3.8 3.6 0.36 0.01 <0.01 0.27 <0.01 <0.88 
Pre-weaning
2
, kg/d 2.0 2.0 0.08 0.88     
Post-weaning, 
kg/d 6.5 6.6 0.10 
0.96 
 
   
Starter Intake, DM g/d         
Mean  1030.7 1032.5 85.26 0.91 <0.01 <0.01 <0.01 0.05 
Pre-weaning, g/d 258.1 271.2 29.17 0.68     




Mean  1501.6 1507.5 83.49 
 





Pre-weaning, g/d 1042.9 1061.2 21.60 0.53     
Post-weaning, g/d 2180.2 2294.9 27.10 <0.01     
CP Intake, g/d         
Mean 370.5 372.1 18.73 0.67 <0.01 <0.01 <0.01 0.04 
Pre-weaning, g/d 287.7 292.2  4.84 0.50     
Post-weaning, g/d 492.8 518.8  6.08 <0.01     
EE Intake, g/d         
Mean 449.7 451.2 28.62 0.79 <0.01 <0.01 <0.01 0.04 
Pre-weaning, g/d 253.2 258.7  7.49 0.59     
Post-weaning, g/d 740.8 779.6  9.40 <0.01     
Starch Intake, g/d         
Mean 201.2 201.6 16.64 0.91 <0.01 <0.01 <0.01 0.05 
Pre-weaning, g/d 50.4 52.9  4.53 0.68     
Post-weaning, g/d 424.8 446.9  5.69 <0.01     
NDF Intake, g/d         
Mean 291.5 292.0 24.11 0.91 <0.01 <0.01 <0.01 0.05 
Pre-weaning, g/d 73.0 76.7  6.57 0.68     
Post-weaning, g/d 615.5 647.5  8.24 <0.01     
1
 P values for effects of treatment (Trt), week (wk) and the treatment × week 
interaction (Trt × wk) and stage (pre-weaning vs post-weaning) the treatment × 
stage interaction (Trt × Stage). 
2
Pre-weaning water intake includes free-choice water that not include water that 
mixed with milk replacer.  
3
Calves were weaned from milk replacer at the end of wk 6. 
4






Table 3. 4. Body weight, average daily gain, and gain to feed ratios for Holstein 
calves fed municipal city water (MW) and reverse osmosis water (RW) with common 
starter pellets and milk replacer 





Item   MW    RW Trt wk Trt × wk 
BW, kg       
Mean  70.22 70.24 1.79 0.99 <0.01 0.84 
wk 0 43.07 44.19 1.24 0.52   
wk 6
2
 68.95 68.40 1.95 0.83   
wk 10 93.91 93.86 1.95 0.98   
ADG, kg/d 0.70 0.72 0.03 0.68 <0.01 0.12 
Gain:feed, kg/kg 0.52 0.54 0.02 0.22 <0.01 <0.01 
1
 P values for effects of treatment (Trt), week (wk) and the treatment × week 
interaction (Trt × wk). 
2





Table 3. 5. Frame growth measurements and body condition scores for Holstein 
calves fed municipal city water (MW) and reverse osmosis water (RW) with common 
starter pellets and milk replacer  





Item MW RW Trt wk Trt × wk 
Withers Height, cm       
Mean 87.91 88.28 0.72 0.70 <0.01 0.47 
wk 0 78.70 79.33 0.85 0.60   
wk 6
2
 88.16 88.93 0.79 0.47   
wk 10 94.00 94.35 0.79 0,74   
Change, cm/d 0.21 0.21 0.01 0.87 <0.01 0.37 
Heart Girth, cm       
Mean 89.08 89.04 0.73 0.96 <0.01 0.99 
wk 0 74.61 75.82 0.67 0.21   
wk 6
2
 89.49 89.28 0.82 0.86   
wk 10 98.93 99.12 0.82 0.86   
Change, cm/d 0.34 0.34 0.02 0.82 <0.01 0.99 
Paunch Girth, cm       
Mean  95.92 95.90 1.34 0.99 <0.01 0.46 
wk 0 75.44 75.88 0.75 0.68   
wk 6
2
 95.76 94.24 1.50 0.45   
wk 10 113.24 113.98 1.50 0.71   
Change, cm/d 0.54 0.55 0.03 0.77 <0.01 0.26 
Body Length, cm       
Mean  70.94 71.59 0.37 0.21 <0.01 0.08 
wk 0 62.22 62.76 0.86 0.66   
wk 6
2
 71.79 71.85 0.56 0.94   
wk 10 76.86 78.00 0.56 0.13   
Change, cm/d 0.20 0.21 0.01 0.59 <0.01 0.03 
Hip Width, cm       
Mean  19.17 19.48 0.37 0.53 <0.01 0.49 
wk 0 14.89 14.62 0.98 0.84   
wk 6
2
 19.48 19.55 0.49 0.91   
wk 10 21.98 21.94 0.49 0.95   
Change, cm/d 0.10 0.11 0.02 0.58 <0.01 <0.01 
Body Condition Score
3
       
Mean 2.64 2.61 0.36 0.34 <0.01 0.64 
wk 0 2.14 2.02 0.04 0.6   
wk 6
2
 2.58 2.57 0.04 0.90   
wk 10 2.92 2.95 0.04 0.71   
1
 P values for effects of treatment (Trt), week (wk) and the treatment × week 
interaction (Trt × wk).
 
2
Calves were weaned off milk replacer at the end of wk 6.  
3




Table 3. 6. Blood metabolite concentrations for Holstein calves fed municipal city 
water (MW) and reverse osmosis water (RW) with common starter pellets and milk 
replacer  





MW RW Trt wk Trt × 
wk 




, mg/dL         
Mean 15.75 16.33 0.63 0.45 <0.01 0.46 <0.01 0.75 
Pre-weaning 13.04 13.80 0.71 0.46     
Post-weaning 21.29 21.49 1.03 0.89     
Glucose
3
,mg/dL         
Mean 105.91 111.18 3.04 0.12 <0.01 0.93 <0.01 0.51 
Per-weaning 115.35 118.92 3.30 0.44     
Post-weaning 87.03 95.71 4.65 0.18     
BHB
4
, mg/dL         
Mean 33.13 32.79 1.06 0.80 <0.01 0.83 <0.01 0.85 
Pre-weaning 24.53 24.00 1.31 0.77     
Post-weaning 50.31 50.38 1.85 0.98     
1
 P values for effects of treatment (Trt), week (wk), treatment × week interaction 
(Trt × wk), stage (pre-weaning vs. post-weaning) and the treatment × stage 
interaction (Trt × Stage).
 
2
Plasma Urea Nitrogen. 
3







Table 3. 7. Fecal score, temperature and respiratory score for Holstein calves fed 
municipal city water (MW) and reverse osmosis water (RW) with common starter 
pellets and milk replacer  
 Treatment  P-values
1
 
Item MW RW SEM Trt wk Trt × 
wk 
Stage Trt ×Stage 
Fecal score
2
         
Mean 0.66 0.58 0.03 0.10 <0.01 0.05 <0.01 0.10 
Pre-weaning 0.97 0.91 0.26 0.12     
Post-weaning 0.20 0.05 0.03 <0.01     
Temperature, ℃         
Mean 39.09 39.03 0.30 0.30 <0.01 0.08 <0.01 0.49 
Pre-weaning 39.04 38.99 0.30 0.01     





        
Mean 2.03 1.95 0.05 0.32 <0.01 0.01 0.49 0.03 
Pre-weaning 2.06 1.94 0.02 <0.01     
Post-weaning 1.99 1.94 0.03 0.82     
1
 P values for effects of treatment (Trt), week (wk), treatment × week interaction 
(Trt × wk), stage (pre-weaning vs. post-weaning) and the treatment × stage 
interaction (Trt × Stage).
 
2
Scale of 0 to 3 with 0 being firm (Nomal) and 3 being watery. 
3





Table 3. 8. Week 10 apparent total tract digestibility of nutrients for calves drinking 
municipal city water (MW) and reverse osmosis water (RW) with a common calf 
starter pellets  
 






MW RW Trt 
DM 92.04 91.85 0.89 0.77 
CP 73.22 72.02 3.20 0.47 
ADF 39.92 35.38 6.00 0.41 
NDF 47.36 42.73 5.45 0.37 
1




Figure 3. 1. Weekly means of water intake (not including water mixed with milk 
replacer) for calves fed municipal city water (MW) and reverse osmosis water (RW). 






























Trt: = 0.01 
wk: < 0.01 
Trt×wk: = 0.27 
Trt×stage: = 0.88 




Figure 3. 2. Weekly means of total dry matter intake (DMI) for calves fed municipal 
city water (MW) and reverse osmosis water (RW) with common starter and milk 
























Trt: = 0.72 
wk: < 0.01 
Trt×wk: < 0.01 
Trt×stage: = 0.04 







Figure 3. 3. Fecal consistency scores for Holstein calves fed municipal city water 
(MW) and reverse osmosis water (RW) with common starter and milk replacer. * 
indicates values differ by P < 0.05 with Tukey’s test. † indicates values differ by P < 

























Trt: = 0.10 
wk: < 0.01 
Trt×wk: = 0.05 
Trt×stage: = 0.10 








Figure 3. 4. Respiratory scores for Holstein calves fed municipal city water (MW) 
and reverse osmosis water (RW) with common starter and milk replacer. * indicates 

























Trt: = 0.32 
wk: < 0.01 
Trt×wk: = 0.01 
Trt×stage: = 0.03 






CHAPTER 4: GROWTH PERFORMANCE OF CALVES FED 
MICROBIALLY-ENHANCED SOY PROTEIN IN PELLETED STARTERS 
 
This chapter published as:  
Senevirathne, N. D., J. L. Anderson, W. R. Gibbons, and J. A. Clapper. 2016. Growth 
performance of calves fed microbially enhanced soy protein in pelleted starters. J. 
Dairy Sci. 100: 199-212. http://dx.doi.org/10.3168/jds.2016-11221. 
ABSTRACT  
 Our objective was to determine effects of feeding calves pelleted starters with 
microbially-enhanced (fungi-treated) soy protein (MSP) in replacement of soybean 
meal (SBM) with different milk replacers (MR). Thirty-six Holstein calves (2 d old; 
24 females, 12 males) in individual hutches were used in a 12-wk randomized 
complete block design study. Treatments were: 1) MSP pellets with MR formulated 
for accelerated growth [28% crude protein (CP), 18% fat; MSPA], 2) SBM pellets 
with MR formulated for accelerated growth (SBMA), and 3) MSP pellets with 
conventional MR (20% CP, 20% fat; MSPC). Pellets were similar except for 23% 
MSP or 23% SBM (DM basis). Pellets and water were fed ad libitum throughout the 
study. Feeding rates of MR on a DM basis were: 0.37 kg twice daily during wk 1, 0.45 
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kg twice daily during wk 2 to 5, and 0.45 kg once daily during wk 6. Intakes were 
recorded daily. Body weights (BW), frame size measurements, and jugular blood 
samples were collected 2 d every 2 wk at 3 h after the morning feeding. Fecal grab 
samples were collected 5 times per d for 3 d during wk 12 and then composited by calf 
for analysis of apparent total tract digestibility of nutrients using acid detergent 
insoluble ash as an internal marker. Total and starter pellet DMI were greatest for 
calves fed SBMA and least for MSPC. Calves had similar ADG among treatments, 
but there was a treatment by week interaction and during the last few weeks of the 
study calves on MSPC has less BW compared to MSPA or SBMA. Gain to feed ratio 
was least for calves fed SBMA with a treatment by week interaction. Serum glucose 
was similar among treatments. Plasma urea nitrogen was greatest for calves fed 
MSPA and least for MSPC. Plasma concentrations of IGF-1 were greatest for calves 
SBMA. Plasma concentrations of triglycerides were greatest for calves fed MSPC. 
Plasma concentrations of β-hydroxybutyrate had a treatment by time interaction. 
Treatments had similar total tract DM digestibility, but calves fed MSPC had greater 
CP digestibility than SBMA, with MSPA similar to both. Results demonstrated calves 
fed pelleted starters with MSP had maintained growth performance, less starter intake, 
and improved gain: feed compared to SBM. 
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Keywords: microbially-enhanced soy protein, dairy calf, growth performance. 
INTRODUCTION 
During the early growth phase of dairy calves, key immunological and 
digestive system developments are occurring which can impact long-term animal 
performance (Davis Rincker et al., 2011; Hill et al., 2013). To improve calf 
performance, high protein milk replacer (MR) and starter feeds have been developed 
and formulated for accelerated growth. In MR formulated for accelerated growth, 
most of the proteins are from milk based sources, which often makes these feeding 
programs more expensive. However, milk proteins are still most commonly used as 
they have been shown to result in superior calf performance compared to plant based 
proteins (Dawson et al., 1988).  
Dry feed intake is also critical to development of an active, functioning 
rumen. Early consumption of dry feed increases butyrate in the rumen, which is 
responsible for development of functional ruminal epithelial tissue (Hill et al., 2006). 
Moreover, Hodgson, (1971) and Leaver and Yarrow (1972) showed that early dry 
feed consumption increased reticulorumen development and helped the calf to 
transition from liquid feed to dry feed and reduces weaning stress.  
A new proprietary processing technique has been developed by Prairie 
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AquaTech (Brookings, SD) in which fungi are used to aerobically process soybean 
meal (SBM) to increase the protein content, improve digestibility, and decrease 
anti-nutritional compounds (Gibbons and Brown, 2012). This microbially-enhanced 
soy protein (MSP) has a much greater protein content and digestibility than SBM, 
and has performed comparably to fish meal in aquaculture studies (Sindelar, 2014). 
It is also believed that fungal cell walls and beta-glucans present in the MSP may 
give it prebiotic properties (Bruce et al., 2015). Because of its unique nutritional 
properties, MSP may be a beneficial feed for dairy calves with developing digestive 
systems.  
Research on feeding calves fermented soybean meal has demonstrated 
improved immune responses in some cases (Kwon et al., 2011), while other trials 
have shown no improvement (Wolfswinkel, 2009). Lesmeister (2004) reported that 
supplementing feeds with yeast increased feed component digestibility by increasing 
microbial activity in the rumen, leading to increased butyrate production. Although 
MSP has some similarities to fermented SBM, it is produced by an aerobic 
incubation with a non-yeast fungus, instead of a bacterial or yeast-based 
fermentation process. Two important compositional differences are that MSP has 
greater protein content and less anti-nutritional factors (antigens, stachyose, 
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raffinose, and trypsin inhibitor) compared to fermented soybean meal (Gibbons and 
Brown, 2012). 
Our hypothesis was that the improved quantity and quality of protein in MSP, 
compared to SBM, would allow the former to be used in the starter pellet with 
conventional  MR (20% CP:20% fat), and achieve similar or improved calf growth 
performance compared to SBM used with MR formulated for accelerated growth 
(28% CP:18% fat). We also hypothesized that there may be additive benefits of 
feeding MSP in pellets with MR formulated for accelerated growth. The objectives 
of this research were to conduct a feeding study to determine the effects of MSP in 
dairy calf starter pellets on growth performance, which was evaluated based on feed 
intake, body weight, body frame size, blood metabolic profile, fecal consistency 
scores, and apparent total tract nutrient digestion. As part of this we also wanted to 
determine if the increased starte pellet CP from the MSP benefited the calves. 
MATERIALS AND METHODS 
Experiment Design 
The research was conducted under protocols approved by the SDSU 
Institutional Animal Care and Use Committee. Thirty-six newborn Holstein calves 
(24 females and 12 males) were used in a 12-wk feeding experiment. All calves 
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were housed in individual hutches at the SDSU Dairy Research and Training Facility. 
Length, width and height of individual calf hutches were 223, 98 and 133 cm, 
respectively (Calf-Tec, Hampel animal care, USA). Wheat straw was used as 
bedding material. The experiment was conducted from September 2014 to May 
2015. Calves were added to the study as they were born. Prior to starting the study 
all calves received two feedings of colostrum at rate of 1.9 L per feeding. Calf serum 
blood protein concentrations were tested by refractometer 24 h after birth, to assure 
adequate transfer of immunoglobulins had occurred. Overall mean serum 
concentration of proteins were 5.4 ± 0.13 g/dL. Calves were assigned to one of three 
treatments in a randomized block design experiment. Calves were blocked by sex 
and birthdate. The three treatments were:1) MSP pellets with MR formulated for 
accelerated growth (MSPA), 2) SBM pellets with MR formulated for accelerated 
growth (SBMA), and 3) MSP pellets with conventional MR (MSPC). The two 
starter pellets were similar composition except for 23% SBM or 23% MSP on DM 
basis. Ingredient compositions of the pellets are shown in Table 4.1. 
Management of Calves  
Milk bottles were used to feed MR throughout the pre-weaning period. 
During the first 2 wk calves received MR medicated with 10 mg of neomycin sulfate 
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and 10 mg of oxytetracycline mix. Non-medicated MR were fed from wk 2 to 
weaning at 6 wk. During wk 1, calves were fed twice daily 0.37 kg MR in 2.83 L 
water. During wk 2 to 5 calves received 0.45 kg MR in 2.83 L water and 0.45 kg 
MR once daily during wk 6 prior to weaning. Calves were fed twice daily at 0500 
and 1700 h. From wk 7 to 12 (post-weaning) calves were fed their respective 
pelleted starter. Amounts offered and refusals were measured once daily for each 
calf to determine intakes. Pelleted starters and water were offered ad libitum.  
Daily fecal score were recorded as described by Stamey et al. (2012) 
following the scale of 1= firm, well-formed fecal, 2= soft, pudding–like, 3=runny, 
pancake batter and 4= liquid and splatters. Calves were treated with electrolytes 
when diarrhea was found at a fecal score ≥ 3 for more than three days.  
Measurements and Sample Collection  
Milk replacers and samples of each pellet were taken weekly and kept in 
frozen (-20℃) for subsequent analyses. Equal portions from four consecutive wk 
were composited to make monthly composites for nutrient analyses. Every wk, an 
aliquot of pellet samples were dried for 24 h at 105°C for DM analysis to determine 
starter pellet DMI. 
Calves were weighed during wk 0, 2, 4, 6, 8, 10 and 12 on two consecutive 
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d during the experiment. At the same times, calves were measured for frame growth 
including hip height, hip width, heart girth, paunch girth, and body length. Body 
length was measured from the top point of withers to the end of the ischium 
(Hoffman, 1997). Calf body condition scores (BCS) on a scale of 1 to 5 with 1 being 
emaciated and 5 being obese was observed by 3 independent individuals on the 
same schedule as growth measurements (Wildman et al., 1982).  
During wk 12, fecal grab samples were taken to measure total tract DM 
digestibility of DM, organic matter (OM), CP, and fiber by the calves. Over three d, 
fecal grab samples were collected at 0430, 0630, 1200, 1630 and 1800 h time points 
and kept frozen (-20℃) until subsequent processing and analysis.  
Blood samples were taken at the same time as BW and body measures for 
metabolite analyses. Blood samples were collected approximately three h 
post-feeding via venipuncture of the jugular vein into vacutainer tubes (Becton, 
Dickinson, and Company, Franklin Lakes, NJ) containing sodium fluoride (NaF1) 
for glucose analysis or potassium ethylene diamine tetra-acetic acid (K2EDTA) for 
all other analyses. Following blood collection, samples were immediately placed on 
ice and then brought within three h to the laboratory for processing. Blood collected 
tubes were centrifuged at 1000 × g for 20 min at 4℃ (CR412 Jouan Inc., Winchester, 
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VA). Plasma or serum was transferred into polystyrene storage tubes and frozen at 
-20℃ until further analysis. 
Laboratory Analysis 
Fecal grab samples were composited on an equal wet weight basis for each 
calf at the end of trial. Individual feed ingredient samples, pelleted starter 
composites and fecal composites were dried in duplicate for 48 h at 55℃ in a 
Dispatch oven (Style V-23, Dispatch Oven Co., Minneapolis, MN). Dried samples 
were ground to 2 mm particle size using a Wiley Mill (model 3; Arthur H. Thomas 
Co., Philadelphia, PA), then ground further to 1 mm particle size with an 
ultracentrifuge mill (Brinkman Instruments Co., Westbury, NY). To correct analyses 
to 100% DM, 1 g aliquots of samples were dried for 3 h in a 105℃ oven.  
Ash content was analyzed by incinerating a 1 g samples for 8 h at 450℃ in 
a muffle furnace (AOAC International, 2002; method 942.05). Organic matter was 
calculated as OM= (100 - % Ash). Milk replacer samples and pelleted starter 
samples were analyzed for nitrogen content by Dumas combustion analysis (AOAC 
International, 2002; method 968.06), on a Rapid N cube (Elementar 
Analysensysteme, GmBH, Hanau Germany). To find CP concentrations, feed 
sample nitrogen content was multiplied by 6.25 and MR nitrogen content was 
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multiplied by 6.38. Neutral detergent fiber (NDF; Van Soest et al., 1991) and acid 
detergent fiber (ADF; Robertson and Van Soest, 1981) were analyzed by using the 
Ankom 200 fiber analysis system (Ankom Technology Corp., Fairport, NY). Heat 
stable α amylase and sodium sulfite were used for NDF analysis. Feed samples were 
analyzed for ether extract (EE) content using diethyl ether (AOAC International, 
2002; method 920.39) in an Ankom XT10 fat analysis system (Ankom Technology 
Corp.). Non-fibrous carbohydrates (NFC) were calculated as % NFC=100 - (% Ash 
+ % CP + % NDF + % EE) according to the NRC (2001).  
Milk replacer and pelleted starter samples were further composited in 4 
month composites. Milk replacer was analyzed for lactose content using methods 
described by Biswas et al., 2011. Four-month composites of calf starter pellets and 
MR samples were sent to a commercial laboratory (Dairyland laboratories Inc, 
Arcadia, WI) for additional analysis. Milk replacers were analyzed for fat, Ca, P, Mg, 
K, S, Na, and Cl. Calf pelleted starters were analyzed for starch, Ca, P, Mg, K, S, Na, 
and Cl. Milk replacer fat content was analyzed using Mojonnier methods (AOAC 
International, 2002; method 989.05). Mineral content, excluding chloride, was 
determined using inductively coupled plasma spectroscopy (AOAC International, 
1995). Chloride content was determined using a direct reading chloride analyzer 
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(Corning 926, Corning Inc., Corning, NY). Starch was analyzed using a modified 
procedure analyzing glucose using an YSI Biochemistry Analyzer (YSI Inc., Yellow 
Springs, OH; Bach Knudsen, 1997). 
For apparent total tract digestibility calculations, acid detergent insoluble 
ash (ADIA) was used as an internal marker. The ADIA content of feeds and feces 
was determine by analyzing samples for ADF, as previously described, and ash 
content was determined by incinerating the Ankom bags for 8 h at 450℃ in a muffle 
furnace. Calculations for digestibility were done as described by Merchen (1988).  
Blood metabolites including glucose, β-hydroxybutyrate (BHB), 
triglyceride, and plasma urea nitrogen (PUN) were analyzed with commercially 
available enzymatic or colorimetric assay kits on a microplate spectrophotometer 
(Cary 50, Varian Inc., Walnut Creek, CA.). Serum glucose was analyzed by glucose 
oxidase as described by Trinder (1969; Pointe scientific Inc., Canton, MI). 
Concentration of BHB was analyzed by beta-hydroxybutyrate dehydrogenase and 
diaphorase according to method described by Williamson et al. (1962; Pointe 
Scientific Inc., Canton, MI). Diacteyl monoxime was used to analyze PUN 
(Procedure 0580; Stanbio Laboratory, Boerne, TX).  
Plasma concentrations of IGF-I were determined in duplicate by RIA as 
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described by Echternkamp et al. (1990) and Funston et al. (1995). To extract the 
insulin-like growth factor binding proteins (IGFBP) from the plasma, samples were 
incubated overnight with a ratio of 1:17 sample to acidified ethanol (12.5% 2 N 
HCl:87.5% absolute ethanol) (Daughaday et al. 1980). Then the extracted IGFBP 
was separated by centrifuging (12,000 x g at 4°C) the samples. An aliquot of 
supernatant was taken and neutralized with 0.855 M Tris base. Samples were then 
incubated overnight again at 4°C and were again centrifuged at the same speed and 
temperature to remove any residual IGFBP. Inhibition curves of the neutralized 
extracted plasma (range 25-50 μL) were parallel to standard curve. The 
radioiodinated antigen and standard used was recombinant human IGF-I (GF-050; 
Austral Biological, San Ramon, CA). Antisera AFP4892898 (National Hormone and 
Peptide Program, Harbor-UCLA Medical Center,Torrance, CA) was used to a 
dilution of 1:50,000. Intra-assay coefficient of variation was 3.5% and interassay 
coefficient of variation was 8.8%.  
Statistical Analysis 
R Statistical Software (R Core Team, 2015) was used for quantification of 
means and standard errors (SE) for nutrient analyses data. Calf intake, growth data, 
and metabolic profile parameters were analyzed as a randomized complete block 
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design with repeated measures using the MIXED procedures of SAS (Littell et al., 
2006). Calves were assigned to 12 blocks based on birthdate and sex. The model 
included treatment, wk, sex and interactions of these terms. Initial body size 
measurements and BW were included as covariates within the model. Repeated 
measures by wk of the feeding period were done on intakes, BW, body measures, 
and metabolites using calf (block) as the subject. Akaike’s criterion was used to 
determine the most suitable covariance structure in repeated measures for each 
parameter. Covariance structures tested were compound symmetry, first-order 
autoregressive, Toeplitz, and unstructured. Compound symmetry was chosen at the 
covariance structure due to having the least absolute Akaike’s values. For starter 
intake, total DMI, and fecal scores means for each stage (preweaning and 
postweaning) were also tested with a model including treatment, stage, sex and 
interactions of these terms. Least square means were compared using Tukey’s test. 
Significant differences among treatments were declared at P ≤ 0.05 and tendencies 
were declared at 0.05 < P ≤ 0.10. As there were limited treatment × sex interactions 
those results are not presented. To determine ADG for body weight and change per 
day for body frame measurements the difference was found between each data 
collection time point and the previous time point and then divided by the number of 
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days in the time period [i.e. (wk 2-wk 0)/14 days]. Gain to feed ratio was calculated 
as the ratio of ADG of body weight to total dry matter intake for each treatment, 
which includes dry matter intake of MR and pellets. 
 For analysis of data for apparent total tract digestibility of nutrients, 
MIXED procedures of SAS were also used, but the model included only treatment 
with block included as a random variable. Least square means were compared using 
Tukey’s test. Significant differences among treatments were declared at P < 0.05 
and tendencies were declared at 0.05 < P ≤ 0.10.  
RESULTS 
Nutrient Composition 
The nutrient composition of feed ingredients used to make starter pellets is 
presented in Table 4.2. The analyzed CP % was greater in MSP than in SBM at 
62.57 % versus 50.12 %, respectively. The nutrient composition of SBM and MSP 
pelleted starters are presented in Table 4.3. The SBM and MSP pellets were 
formulated to obtain 20 % and 23 % CP, respectively, but actual content was slightly 
greater in both at 21.23 % and 23.97 %. There was also a small difference in starch 
and NFC content between pellets, which was not anticipated based on individual 
feed nutrient composition. The MSP pellets had more sulfur compared to the SBM 
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pellets due to the fungal processing method. The MSP product has added buffers to 
help alleviate any issues with the high sulfur content. Table 4.4 presents nutrient 
composition of MR. The CP % of conventional MR and MR formulated for 
accelerated growth was 21.34 % and 29.82 %, on a DM basis, respectively. Both 
MR were milk protein based. The analyzed fat content of conventional MR and MR 
formulated for accelerated growth were 20.68 % and 19.26 % on a DM basis, 
respectively. The measured lactose content of conventional MR and MR formulated 
for accelerated growth were 34.0 % and 29.3 % on a DM basis, respectively.  
Intakes  
Starter pellet dry matter intake is shown in figure 4.1. Mean DM, CP, EE, 
Starch, Lactose, and NDF intakes are presented in Table 4.5. Intakes of nutrients 
reflect the differences in the pelleted starters and MR on a DM basis and 
consumption of starter pellets. Total DMI, starch and NDF intakes were greater (P < 
0.05) for calves fed SBMA compared to calves fed MSPC with calves fed MSPA 
similar to both. The fat intakes were tended to be greater (P = 0.06) for calves fed 
SBMA compared to calves fed MSPC with MSPA similar to both. The CP intake 
(Figure 4.2 and Table 4.5) was greater for calves fed MSPA and SBMA compared to 
MSPC, with treatment by week interactions. Lactose intake during the pre-weaning 
100 
 
phase was greater (P < 0.01) for calves fed MSPC than MSPA and SBMA.  
Body Weight, ADG, and Gain:Feed 
 Table 4.6 shows mean BW, ADG, feed intakes, and G:F results. Overall, 
mean Body weights (Figure 4.3) were greater (P = 0.02) for calves on the MSPA 
treatment compared to calves fed MSPC with SBMA in the middle and similar to 
both. For BW there was a treatment by week interaction (P < 0.01). The three 
treatments were similar in the first six weeks of the study, but after weaning 
differences in BW of MSPC fed calves compared the MSPA and SBMA fed calves 
became more pronounced. Overall pelleted starter intake (Table 4.6 and Figure 4.1) 
was greatest (P < 0.01) for calves fed SBMA and least for calves fed MSPC, with 
calves fed MSPA intermediary. During the pre-weaning stage starter intake for 
calves fed MSPA was similar to both of the other treatments, but during the 
post-weaning stage there were differences between all treatments. Milk replacer 
intake was similar among all treatments due to similar feeding rates. Because of 
similar milk replacer intakes, total DMI and starter pellet DMI intakes had the same 
differences among treatments. Average daily gain had a treatment by week 
interaction (P = 0.03), but was numerically greater for calves fed MSPA and SBMA 
than those fed MSPC. Gain to feed ratio (Table 4.6 Figure 4.4) was numerically 
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greater for calves fed MSPA and MSPC than for calves fed SBMA, although there 
was a treatment by wk interaction (P < 0.01) and variation among treatments and 
within treatments week to week.  
Body Frame Growth  
 Hip height, and heart girth (Table 4.7) were greater (P < 0.05) for calves fed 
MSPA than MSPC, with SBMA similar to both. Body length was shorter for calves 
MSPC compared to MSPA or SBMA. Hip width was similar (P = 0.13) among 
treatments. Paunch girth was greater (P = 0.02) in calves fed SBMA compared to 
MSPC with calves fed MSPA similar to both. Overall body condition scores (BCS) 
were similiar (P = 0.17) among treatments, but there was a treatment by wk 
interaction (P < 0.01). However, average changes per d or two wk intervals for all 
frame measurements were similar among treatments.  
Fecal Consistency 
Fecal consistency scores and frequency of scores ≥ 3 (Table 4.8) were similar 
among treatments. Calves fed MSPA averaged fecal consistency scores 1.17 and 
SBMA and MSPC had fecal consistency scores of 1.15 and did not show significant 
differences (P = 0.95) among treatments. Fecal consistency scores were greater (P < 
0.01) in the pre-weaning stage compare to the post-weaning stage. Frequencies of 
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scouring were similar among treatment (P = 0.14) and low for all treatments. 
Metabolic Profile 
Table 4.9 presents overall means of blood metabolites concentrations for 
calves fed MSPA, SBMA and MSPC. There were treatment effects and treatment by 
wk interactions for blood metabolites including PUN, Glucose, and BHB. Plasma 
urea nirogen concentrations (Figure 4.5) were greater (P < 0.01 ) in calves fed 
MSPA than those fed MSPC with SBMA similar to both. Mean serum 
concentrations of glucose were similar (P = 0.76) among treatments. The 
concentrations of plasma triglycerides tended (P = 0.05) to be greater in calves fed 
MSPC compared to other treatment and no significant difference was detected 
between MSPA and SBMA. Results showed lesser (P = 0.04) plasma concentration 
of IGF-1 (Figure 4.6) in MSPC compared to SBMA fed calves with MSPA similar to 
both. Plasma concentration of BHB (Figure 4.7) demonstrated a treatment by wk 
interaction (P <0.01) with more variation among treatments in the post-weaning 
phase.  
Total Tract Digestion 
Total tract digestion of nutrients is presented in Table 4.10. Total tract DM 
digestion was numerically greater in calves fed MSPC compared to other treatments. 
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Crude protein digestion was greater (P = 0.05) in the MSPC fed calves compared to 
SBMA fed calves, with MSPA fed calves demonstrating intermediate digestion of 
CP. Acid detergent fiber digestion was increased (P < 0.01) in calves fed the MSPC 




Differences in total CP content of the pellets was anticipated because of the 
CP differences in the MSP and SBM ingredients. Part of our objective was to 
determine if the increased CP from the MSP benefited the calves. Increased 
provision of CP from starter during the weaing period is thought to support lean 
tissue growth (Stamey et al., 2012). Greater CP intake and starter pellet intake may 
potentially increase rumen development and body weight gain during the weaning 
period. Furthermore, Feng et al., (2007) showed growth promoting effects in piglets 
when fermented SBM was substituted for SBM, due to the greater concentrations of 
essential nutrients such as amino acid and vitamins, and the reduction of some 
anti-nutritional factors in fermented SBM. Therefore, it was speculated that the 
greater CP content in the MSP starter pellets would be beneificial for the calves on 
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the current study.  
Intakes and Growth Performance 
Increased DMI through pre-weaning is important to maintain ADG into the 
post-weaning period (Stamey et al., 2012). However on the study the treatments fed 
MSP had similar or less DMI compared to the SBMA treatement. The greater CP 
content of the MSP pellets may have cause lesser intakes. Cowles et al. (2006) and 
Hill et al. (2006) showed that increased MR intakes with high protein decreased 
starter consumption during the pre-weaning period. Providing greater amount of 
protein from starter may maintain body weight, even though calves had less starter 
intake or total DMI, because CP intake quantity was maintained.  
Feeding SBM has been shown to reduce microbial protein (MP) synthesis 
in the developing rumen (Quigley et al., 1985). In addition, Vazquez-Anon et al., 
(1993) proved degradation of SBM in the rumen is lower at wk 2 post-weaning 
calves than older calves at wk 4 to 8 post-weaning. This might be another factor in 
why there was increased DMI for the calves fed SBMA, whereas calves fed MSP 
might have greater CP degradation in the rumen resulting less stimulation for DMI. 
We are unsure why calves MSPC had less DMI and pellet intake, especially in the 
post weaning period. We speculate this is a carry over effect of receiving convential 
105 
 
MR and a slight lag in BW and numerically less ADG throughout the study. Gain to 
feed ratio varied week to week both within and among treatments. The MSP pellets 
appear to improve feed efficiency during more of the study duration. This could be 
because of the increase CP content in the pellets (Stamey et al., 2012), the increased 
digestibility of the CP from MSP compared to SBM (Sindeclair, 2014), or from the 
benefit of prebiotic compounds left from the fungal processing (Leismeister et al, 
2004; Bruce, 2015).  
There were small differences in frame sizes among treatments, but most 
importantly the average daily changes for the majority of measurements taken were 
not different among treatments, indicating the rates of frame growth were 
maintained across treatments. Paunch girth is related to digestive system 
development, intakes and gut fill. In this study paunch girth had similar patterns 
among treatments, especially in the post-weaning period.  
Fecal Consistency 
All calves were healthy, making it difficult to detect treatment effects on 
fecal consistency and scouring frequency. Some leftover compounds of fungi such 
as mannan oligosaccharides and fructooligosaccharides would have potential to 
reduce the diarrhea (Bruce, 2015). Fructooligosaccharide inclusion in human diets 
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appears to result in fecal bulkiness (Van Loo et al., 1999). Increasing energy and 
protein intake of calves resulted in greater fecal scores and more days of diarrhea in 
other research (Brown et al., 2005b; Rincker et al., 2011). However in this study 
calves did not have greater fecal score in MSP diets despite high CP intake.  
Metabolic Profile 
Most changes in metabolic profile are related to differences in nutrient 
intakes among treatments. Similar concentration of glucose over the treatments 
indicate that calves were similar in energy status across diets. The concentration of 
PUN is associated with the protein intake, quality of protein, and development of 
ruminal fermentation (Quigley and Bernard, 1992). As a digestive system matures, 
PUN concentration increased more than in newborn calves (Kitchenham et al., 
1975). In this study, total protein intake was greater in MSPA fed calves than MSPC 
fed calves and resulted in greater PUN concentration. It was also observe that 
concentration of PUN increased with consumption of starter intake and availability 
of protein from the starter. Greater consumption of starter had been shown to 
increases PUN concentration as calves age (Kitchenham et al., 1975). Because the 
young calf digestive system is not fully functional and they are not as capable at 
converting CP to microbial protein (Davis and Drackley, 1998), so PUN 
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concentrations may increase with increased CP intake.  
The concentration of BHB is associated with utilization of body fat for 
energy in transition cows and also associated with butyric acid production. Butyric 
acid is a stimulatory factor for rumen epithelial development in young calves 
(Tamate et al., 1962). As calves have limited body fat for mobilization, the majority 
of circulating BHB is likely coming from rumen fermentation. During the 
experimental period, BHB increased over time at the same rate across treatments 
and increased after weaning. Concentration of BHB was greater in MSPA and 
SBMA fed calves compared to MSPC during a large portion of the post-weaning 
phase, which mostly related to DMI and intake of carbohydrates as substrates for 
rumen fermentation. Triglyceride differences were due to differences in fat 
consumption from the two different MR.  
The key metabolic regulator for growing animals is IGF-1, as it encourages 
nutrient uptake and cellular growth (Vacher et al., 1995; Odle et al., 1996). In 
addition, it may enhance development of the neonatal digestive system and may 
affect or interact with several other growth factors (Vacher et al., 1995). As weight 
gain increases, plasma concentration of IGF-1 also increase (Smith and Sheffield, 
2002). However, in this study calves had less IGF-1 concentrations in MSPA and 
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MSPC compared to SBMA fed calves. Calves fed SBMA had greater DMI, more 
starch intake,and intermediary CP intake. Bartlett (2001) demonstrated that IGF-1 
responds to a greater feeding rate and greater dietary CP concentration. However in 
the current study, we speculate there was less impact of CP intake, which was 
similar between MSPA and SBMA, and more effect on concentrations of IGF-1 
from total intake and starch intake, which were greater for calves fed SBMA. 
Despite differences in IGF-1 there were no negative effects on growth preformance 
in the MSP treatments.  
Apparent Total Tract Digestibility 
Digestibility of nutrients is inversely related to DMI in cattle (Sarwar et al., 
1991; Merchens, 1998). In this study CP and ADF digestibilities were greater for 
calves fed MSPC diet compared to calves fed SBMA. Greater apparent total tract 
digestibility by the calves fed MSPC was most likely because of the lesser DMI and 
slower rate of passage combined with effects of the MSP fungal treatment on protein 
composition. Increased apparent total tract digestibility CP and ADF may also be 
because the prebiotic effect from the fungal treatment stimulated rumen 
development (Lesmeister et al., 2004; Bruce, 2015). In this study the increased CP 
and ADF digestibility also helps to explain why the MSPC fed calves had 
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numerically greater gain:feed in weeks 10 and 12.   
CONCLUSIONS 
 Calves fed MSP in starter pellets with conventional MR had comparable 
growth performance to calves fed pellets with SBM and MR formulated for 
accelerated growth, especially in the preweaning period. Calves fed MSP with MR 
formulated for accelerated growth had similar growth performance with less starter 
pellet intake compared to calves fed SBMA. Calves fed MSPC had increased CP 
and ADF apparent total tract digestibility compared calves fed SBMA. Findings 
partially agreed with our hypothesis and demonstrated that feeding MSP as major 
ingredient in starter pellets has potential to maintain calf performance with increased 
feed efficiency. This was the first study on feeding MSP to calves. More research 
may be warranted on effects of MSP at different inclusion rates in calf pellets and in 
diets formulated for similar CP amounts among treatments. Also, more indepth 
research is needed on how the microbial (fungal) treatment effects protein 
composition. Additionally, as all calves were very healthly on this study, it was 
difficult to determine if MSP has any immune or health benefits as seen in 
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Table 4. 1. Ingredient composition for calf starter pellets containing soybean meal 
(SBM) or containing microbially-enhanced soybean meal (MSP) fed to calves 
Ingredients, % DM Pellet
1
 
 SBM MSP 
Corn, ground 35.0 35.0 
Microbially-enhanced soy protein
2
 - 23.0 
Soybean meal  23.0 - 
Wheat middling 35.0 35.0 
Molasses, Sugar cane 5.0 5.0 
Mineral mix
3
 1.7 1.7 
Salt  0.3 0.3 
1
Pellets were custom made by Pipestone Grain Company, Pipestone, MN. 
2
Prairie AquaTech, Brookings, SD.
 
3
48.2% dicalcium phosphate; 13.7% salt; 28.37% limestone; 3% selenium (0.06%); 
5% ruminant trace mineral mix (2.59 % calcium; 10.64 % magnesium oxide; 1,802 
mg/kg cobalt carbonate; 25,022 mg/kg copper sulfate; 340 mg/kg iodine; 100,715 
mg/kg iron sulfate; 49,906 mg/kg manganese sulfate; 49,900 mg/kg zinc sulfate; 
1.0% mineral oil; rice hulls as carrier); 1.2% liquid molasses; 0.44% vitamin A; 




Table 4. 2. Nutrient composition of corn grain, wheat middlings and soybean meal 
(SBM), microbially-enhanced soy protein (MSP) used to make calf starter pellets 
Item, % DM Corn Wheat Middling SBM MSP 
 Mean SE Mean SE Mean SE Mean SE 
DM 86.09 0.06 88.53 0.11 87.60 0.77 89.53 0.05 
Ash 1.72 0.04 5.71 0.09 7.07 0.04 7.81 0.07 
OM 98.27 0.36 94.29 0.09 92.92 0.09 92.20 0.07 
CP 9.76 0.36 18.98 0.18 50.12 0.13 62.57 1.81 
ADF 2.87 0.034 10.83 0.16 3.67 0.003 4.36 0.42 
NDF 9.95 0.14 36.36 0.46 7.47 0.18 4.66 0.64 
EE 3.00 0.07 3.89 0.12 0.49 0.05 0.16 0.02 
NFC
1
 75.55 0.41 35.12 0.50 34.85 0.09 43.92 0.27 
Starch 64.84 - 19.50 - - - - - 
1




Table 4. 3. Nutrient composition for calf starter pellets containing soybean meal 
(SBM) or containing microbially-enhanced soybean meal (MSP) fed to calves   
Item
1
 SBM Pellets MSP Pellets 
 Mean SE Mean SE 
DM
2
 89.0 0.06 88.20 0.05 
Ash
2
 7.89 0.10 6.98 0.05 
OM
2
 91.95 0.11 92.86 0.06 
CP
2
 21.23 0.20 23.97 0.20 
ADF
2
 5.94 0.15 6.17 0.20 
NDF
2
 16.82 0.21 17.95 0.29 
EE
2
 2.83 0.16 3.07 0.16 
NFC
2,3
 51.23 0.39 48.03 0.35 
Starch
4
 32.35 0.35 30.41 0.27 
Ca
4
 1.00 0.05 0.85 0.02 
P
4
 0.96 0.02 0.82 0.01 
Mg
4
 0.34 0.01 0.32 0.01 
K
4
 1.25 0.02 1.12 0.01 
S
4
 0.34 0.01 0.59 0.01 
Na
4
 0.49 0.02 0.32 0.01 
Cl
4
 0.66 0.01 0.44 0.02 
ME
5
, Mcal/kg 3.13 - 3.17 - 
NEg
5
, Mcal/kg 1.79 - 1.81 - 
DCAD mEq/100g 13.37 0.90 7.16 0.71 
1
 % DM unless otherwise indicated. 
2 
Analysis performed on monthly composites (n= 8). 
3
 NFC =100 - (% Ash + % CP + % NDF + % EE) (NRC, 2001). 
4 
Analysis performed on four month composites (n= 2). 
5




Table 4. 4. Nutrient composition of conventional milk replacer and accelerated 




weeks of age  
Item, % of DM Conventional Accelerated 
 Mean SE Mean SE 
DM
1
 96.77 0.22 96.69 0.14 
Ash
1
 9.46 0.12 9.47 0.16 
OM
1
 90.54 0.12 90.53 0.16 
CP
1
 21.34 0.10 29.82 0.13 
Fat
2
 20.68 0.16 19.26 0.31 
Lactose
2
 34.00 0.28 29.35 0.25 
Ca
2
 1.16 0.05 0.93 0.08 
P
2
 0.74 0.03 0.78 0.02 
Mg
2
 0.15 0.01 0.16 0.01 
K
2
 1.89 0.03 2.13 0.08 
S
2
 0.30 0.00 0.54 0.02 
Na
2
 1.04 0.06 1.26 0.01 
Cl
2
 0.43 0.01 0.49 0.02 
1
Analysis performed on monthly composites (n= 8). 
2 




Table 4. 5. Nutrient intakes for Holstein calves fed pellets with microbially-enhanced 
soy protein and accelerated growth milk replacer (MSPA), pellets with soybean meal 
and accelerated growth milk replacer (SBMA) or microbially-enhanced soy protein 
and conventional milk replacer (MSPC) 
 Treatment  P-values
1
 
Item MSPA SBMA MSPC SEM Trt wk Trt × 
wk 
Total DMI g/d 1,645 1,777 1,403 93.3 <0.01 <0.01 <0.01 
CP Intake, g/d 409.6 403.0 321.2 21.48 <0.01 <0.01 <0.01 
Fat Intake
2
, g/d 109.2 115.4 106.9 2.80 0.06 <0.01 <0.01 
Starch Intake, g/d 385.2 452.5 312.0 28.94 <0.01 <0.01 <0.01 
Lactose Intake, g/d 222.1 222.2 256.2 1.49 <0.01 <0.01 0.01 
NDF Intake, g/d 227.4 235.3 184.2 16.33 0.02 <0.01 <0.01 
1
 P values for effects of treatment (Trt), week (wk) and the treatment × week 
interaction (Trt × wk). 
2
Fat intake was determined by ether extract.
  
3








Table 4. 6. Body weight, ADG, DMI, and gain to feed ratios for Holstein calves fed pellets with microbially-enhanced soy protein and 
accelerated growth milk replacer (MSPA), pellets with soybean meal and accelerated growth milk replacer (SBMA) or 
microbially-enhanced soy protein and conventional milk replacer (MSPC) 
Item Treatment  P-values
1
 
 MSPA SBMA MSPC SEM Trt wk Trt × wk Stage Trt × Stage 







 2.43 0.02 <0.01 0.01 - - 
Wk 0 44.76 42.95 42.60 0.97 0.18     
Wk 6 69.10 66.73 63.72 2.78      
Wk 12 102.5 100.5 94.82 2.78      
ADG, Kg/d          
Mean 0.70 0.69 0.60 0.06 0.14 <0.01 0.03 - - 
Starter Intake, DM g/d          
Mean  1,266.8 1,398.9 1,025.9 93.02 <0.01 <0.01 <0.01 <0.01 <0.01 
Pre-weaning, g/d 314.7 327.5 212.5 26.82      
Post-weaning, g/d 2195.9 2392.7 1833.8 28.25      
MR Intake
2
, DM g/d  756.8 757.0. 753.4 4.59 0.74 <0.01 0.44 - - 
Total DMI, g/d          
Mean 1,645 1,777 1,403 93.3 <0.01 <0.01 <0.01 <0.01 <0.01 
Pre-weaning, g/d 1,066 1,074 957.6 26.9      
Post-weaning, g/d 2,196 2,394 1,834 28.4      
DMI, % of BW          
Mean 2.15 2.15 2.18 0.065 0.81 <0.01 <0.01 <0.01 <0.01 
Pre-weaning 1.80 1.71 1.84 0.071 0.26     
Post-weaning 2.48 2.64 2.48 0.071 0.08     
Gain:Feed          
Mean  0.464 0.441 0.445 0.020 0.61 <0.01 0.01 <0.01 0.49 
Pre-weaning 0.559 0.558 0.535 0.026 0.71     








 P values for effects of treatment (Trt), week (wk), treatment × week interaction (Trt × wk) and stage (pre-weaning vs post-weaning) 
the treatment × stage interaction (Trt × Stage). 
2





Table 4. 7. Frame growth measurements and body condition scores for Holstein 
calves fed pellets with microbially-enhanced soy protein and accelerated growth milk 
replacer (MSPA), pellets with soybean meal and accelerated growth milk replacer 
(SBMA) or pellets with microbially-enhanced soy protein and conventional milk 
replacer (MSPC) 
Item Treatment SEM P-values 
MSPA SBMA MSPC Trt wk Trt × wk 







 0.88 0.02 <0.01 0.38 
Wk 0 83.18 82.78 81.44 0.73 0.16   
Wk 6
2
 92.69 92.22 91.11 1.07 0.20   
Wk 12 99.46 100.17 97.16 1.07 0.01   
Change, cm/d 0.196 0.220 0.182 0.020 0.29 <0.01 0.06 
Change, cm/2 wk 2.74 3.07 2.55 0.289 0.29 <0.01 0.06 
Heart Girth, cm        
Means 92.87
a
 92.78 90.32 1.04 <0.01 <0.01 <0.01 
Wk 0 76.88 76.13 75.71 0.69 0.49   
Wk 6
2
 91.66 91.16 89.23 1.27 0.05   
Wk 12 103.72 102.97 100.52 1.27 <0.01   
Change, cm/d 0.317 0.317 0.293 0.024 0.33 <0.01 <0.01 
Change, cm/2 wk 4.45 4.66 4.11 0.374 0.33 <0.01 <0.01 
Paunch Girth, cm        
Means  98.28 110.17 96.15 1.53 0.02 <0.01 <0.01 
Wk 0 76.61 74.86 75.49 0.74 0.20   
Wk 6
2
 98.00 101.08 93.44 2.00 <0.01   
Wk 12 115.82 116.89 111.46 2.00 <0.01   
Change, cm/d 0.469 0.509 0.432 0.038 0.19 <0.01 0.01 
Change, cm/2 wk 6.59 7.12 6.04 0.540 0.19 <0.01 0.01 
Body Length, cm        
Means  73.89 74.03 72.57 0.63 0.03 <0.01 0.80 
Wk 0 64.04 63.16 62.65 0.62 0.22   
Wk 6
2
 72.58 71.84 71.68 1.07 0.57   
Wk 12 81.96 82.87 80.07 1.07 0.03   
Change, cm/d 0.215 0.236 0.205 0.022 0.48 <0.01 0.52 
Change, cm/2 wk 3.00 3.30 2.87 0.3074 0.48 <0.01 0.52 
Hip Width, cm        
Means  20.55 19.98 19.67 0.51 0.13 <0.01 0.41 
Wk 0 13.85 14.66 14.13 1.11 0.86   
Wk 6
2
 20.30 19.66 19.22 0.62 0.11   
Wk 12 23.29 22.61 22.24 0.62 0.12   
Change, cm/d 0.117 0.084 0.100 0.030 0.60 <0.01 0.35 
Change, cm/2 wk 1.63 1.17 1.39 0.424 0.60 <0.01 0.35 
BCS
3
        
Means 2.64 2.53 2.57 0.058 0.17 <0.01 <0.01 






 2.60 2.61 2.54 0.07 0.54   
Wk 12 2.93 2.84 2.85 0.07 0.29   
1




Calves were weaned off milk replacer at the end of wk 6.  
3




Table 4. 8. Fecal scores for Holstein calves fed pellets with microbially-enhanced 
soy protein and accelerated growth milk replacer (MSPA), pellets with soybean meal 
and accelerated growth milk replacer (SBMA) or pellets with microbially-enhanced 
soy protein and conventional milk replacer (MSPC) 
Item Treatment SEM  P-values
1
 
MSPA SBMA MSPC Trt d Trt × 
d 




          
Means 1.17 1.15 1.15 0.027 0.95 <0.01 0.01 <0.01 0.62 
Pre-weaning 1.34 1.33 1.33 0.236      





 % of calves/d 
2.92 3.50 1.99 0.832 0.14 <0.01 0.01 - - 
1
 P values for effects of treatment (Trt), week (wk), treatment × week interaction 
(Trt × wk), stage (pre-weaning vs. post-weaning) and the treatment × stage 
interaction (Trt × St).
 
2
Scale of 1 to 4 with 1 being firm and 4 being watery. 
3






Table 4. 9. Blood metabolite concentrations for Holstein calves fed pellets with 
microbially-enhanced soy protein and accelerated growth milk replacer (MSPA), 
pellets with soybean meal and accelerated growth milk replacer (SBMA) or pellets 
with microbially enahced soy protein and conventional milk replacere (MSPC) 





MSPA SBMA MSPC Trt wk Trt × wk 
PUN
2
, mg/dL 15.57 14.20 12.77 0.35 < 0.01 < 0.01 < 0.01 
Glucose
3
, mg/dL 98.82 101.28 99.85 1.75 0.50 < 0.01 0.07 
BHB
4
, mg/dL 34.52 35.62 31.79 1.27 0.02 < 0.01 < 0.01 
Triglycerides, mg/dL 25.22 24.83 28.79 1.08 <0.01 < 0.01 0.39 
IGF-1, ng/mL 63.77 73.38 60.48 3.04 < 0.01 < 0.01 0.35 
1
 P values for effects of treatment (Trt), week (wk) and the treatment × week 
interaction (Trt × wk).
 
2
Plasma Urea Nitrogen. 
3







Table 4. 10. Week 12 apparent total tract digestibility of nutrients for calves fed 
pellets with microbially-enhanced soy protein and accelerated growth milk replacer 
(MSPA), pellets with soybean meal and accelerated growth milk replacer (SBMA) or 
microbially-enhanced soy protein and conventional milk replacer (MSPC) 
Digestibility, % 
Treatment 
SEM P-value MSPA SBMA MSPC 
DM 81.0 80.3 84.8 1.58 0.10 
CP 86.4 85.1 89.7 1.37 0.05 
ADF 38.5 27.9 49.4 4.18 <0.01 





Figure 4. 1.Weekly averages of starter DMI for calves fed pellets with 
microbially-enhanced soy protein and accelerated growth milk replacer (MSPA), 
pellets with soybean meal and accelerated growth milk replacer (SBMA) or pellets 
with microbially-enhanced soy protein and conventional milk replacer (MSPC). * 


























Trt: < 0.01 
wk: < 0.01 
Trt×wk: < 0.01 










Figure 4. 2. Weekly averages of CP intake for calves fed pellets with 
microbially-enhanced soy protein and accelerated growth milk replacer (MSPA), 
pellets with soybean meal and accelerated growth milk replacer (SBMA) or pellets 
with microbially-enhanced soy protein and conventional milk replacer (MSPC). * 
indicates values differ by P < 0.05 and † indicate values differ by P < 0.10. Trt = 




























Trt: < 0.01 
wk: < 0.01 
Trt×wk: < 0.01 











Figure 4. 3. Body weights for calves fed pellets with microbially-enhanced soy 
protein and accelerated growth milk replacer (MSPA), pellets with soybean meal and 
accelerated growth milk replacer (SBMA) or pellets with microbially-enhanced soy 
protein and conventional milk replacer (MSPC). * indicates values differ by P < 0.05. 





























Trt: = 0.02 
wk: < 0.01 
Trt×wk: = 0.01 






Figure 4. 4. Gain:feed (G:F) for calves fed pellets with microbially-enhanced soy 
protein and accelerated growth milk replacer (MSPA), pellets with soybean meal and 
accelerated growth milk replacer (SBMA) or pellet with microbially-enhanced soy 
protein and conventional milk replacer (MSPC). * indicates values differ by P < 0.05. 

























Trt: < 0.61 
wk: < 0.01 
Trt×wk: < 0.01 






Figure 4. 5. Plasma urea nitrogen (PUN) concentrations for calves fed pellets with 
microbially-enhanced soy protein and accelerated growth milk replacer (MSPA), 
pellets with soybean meal and accelerated growth milk replacer (SBMA) or pellet 
with microbially-enhanced soy protein and conventional milk replacer (MSPC). * 






















Trt: < 0.01 
wk: < 0.01 
Trt×wk: < 0.01 







Figure 4. 6. Concentrations of plasma insulin-like growth factor-1(IGF-1) for calves 
fed pellets with microbially-enhanced soy protein and accelerated growth milk 
replacer (MSPA), pellets with soybean meal and accelerated growth milk replacer 
(SBMA) or pellets with microbially-enhanced soy protein and conventional milk 


























Trt: < 0.05 
wk: < 0.01 
Trt×wk: = 0.35 





Figure 4. 7. Concentrations of plasma BHB for calves fed pellets with 
microbially-enhanced soy protein and accelerated growth milk replacer (MSPA), 
pellets with soybean meal and accelerated growth milk replacer (SBMA) or pellets 
with microbially-enhanced soy protein and conventional milk replacer (MSPC). * 

























Trt: = 0.02 
wk: < 0.01 
Trt×wk: < 0.01 





CHAPTER 5. GROWTH PERFORMANCE AND NUTRIENT UTILIZATION 
OF CALVES FED MICROBIALLY-ENHANCED SOY PROTEIN IN CALF 
STARTER PELLETS WITH PASTEURIZED WASTE MILK 
ABSTRACT 
 Our objectives were to determine effects of inclusion of 
microbially-enhanced soy protein (MSP) in calf starter on growth performance, 
health, and nutrient utilization. Thirty-eight Holstein calves (2 d old; 25 females, 13 
males) in individual hutches were used in a 12-wk randomized complete block 
design study. Treatments were the MSP test product containing pellets (MSP; 20.9% 
CP, 3.3% fat) vs control soybean meal containing pellets (CON; 22.4% CP, 3.6% fat). 
Pellet ingredients were similar except for 8% MSP test product (DM basis) in MSP 
starter pellets. Calves were fed 2.83 L of pasteurized waste milk (3.4% CP, 4.0% fat) 
twice daily from wk 1 to 5 and then once daily during wk 6. Starter pellets and water 
were fed ad libitum. Daily total respiratory scores (healthy ≤ 3, sick ≥ 5) were 
calculated from the sum of scores for rectal temperature, cough, ocular, and nasal 
discharge. Fecal consistency scores (0 = firm, 3 = watery) were also recorded daily. 
Body weights (BW) and frame growth were measured 2 d every 2 wk and jugular 




samples were collected 5× per d for 3 d during wk 12 and then composited by calf 
for analysis of apparent total tract digestibility (TTD) of nutrients using acid 
detergent insoluble ash as an internal marker. Results were analyzed using MIXED 
procedures with repeated measures and Tukey’s test in SAS 9.4. Significant 
differences were declared at P < 0.05 and tendencies were declared at 0.05 ≤ P ≤ 
0.10. Total DMI was not different between treatments with an interaction of 
treatments and wk. Less CP intake was found for calves fed MSP compared with 
CON. The BW, ADG, and frame growth measurements were not different between 
treatments. Starch, NDF and fat intake were greater in calves fed MSP. Similar 
gain:feed was found between treatments with a strong treatment by wk interaction. 
Plasma concentrations of β-hydroxybutyrate (BHB) was greater in calves fed MSP. 
Plasma urea nitrogen (PUN) was greater in calves fed CON. Treatments were not 
different in serum glucose and plasma triglycerides concentrations. Calves fed MSP 
had greater TTD of CP, NDF and ADF and tendency for greater DM TTD. Overall 
average fecal scores were firm in both treatments with a strong treatment by wk 
interaction. Fecal scores were less for calves fed MSP than CON during 
post-weaning period. Body temperature and respiratory scores were not different 




had improved feed digestibility, health and utilized feed more efficiently over time. 
Keywords: Microbially-enhanced soy protein, pasteurized waste milk, dairy calf 
INTRODUCTION 
Plane of nutrition plays a major role of calf performance from birth to 
weaning. During the first few weeks of life, encouraging intake of dry feed allows 
for early weaning and improves calves’ performance and health. In addition, early 
intake of dry feed by calves provides carbohydrates to the rumen, which 
encourages that start of fermentation and production of volatile fatty acids (VFA), 
mainly acetate, propionate, and butyrate. The most bioactive VFA is butyrate; it 
encourages papillae development (Baldwin et al., 2004) and after absorption of 
butyrate by the ruminal epithelium it is oxidized to β-hydroxybutyrate (BHB; 
Baldwin et al., 2004; Khan et al., 2016). Thus, production of BHB in calves is a 
key indicator to measure rumen development (Hill et al., 2006; Quigley et al., 
1991; and Warner et al., 1956). Also, during the first few weeks of life calves are 
susceptible to gastrointestinal infections and subsequent diarrhea and dehydration. 
In the USA in 2007, 7.8% of pre-weaned calves died due to the scours, diarrhea and 
other digestive problems (NAHMS, 2007). These early gastrointestinal infections 




NAHMS, 2007).  
Incorporation of microbial additives or microbially processed feed 
ingredients in calf diets is common practice in ruminant nutrition to improve health 
and growth performance. Incorporation of microbial additives such as yeast culture 
in calf diets has been shown that improved general health, fecal scores, and reduced 
diarrhea incidences (Magalhaes et al., 2008). Furthermore, fungal cell cultures 
improve the rumen ecosystem by improving microbial population, especially 
enhancing cellulose digestion and lactic acid utilizing bacteria (Callaway and 
Martin, 1997; Newbold et al., 1996). 
Microbially-enhanced soy protein (MSP) is derived from a microbial 
(fungal) conversion process using soybean meal. Aquaculture feeding trials have 
shown MSP has higher protein content, improved amino acid profile, and higher 
digestibility than traditional soybean meal (Gibbons and Brown, 2012). In addition, 
this fungal treatment substantially eliminates anti-nutritional compounds in 
soybean meal and enhanced innate immunity system attributes in fish (Gibbons and 
Brown, 2012). In our previous study (Chapter 4), calves fed starter pellets 
containing MSP (23%) and being fed milk replacer improved gain: feed, plasma 




the DMI (Senevirathne et al., 2016).  
This study was designed for less inclusion rate of MSP test product (8%) in 
starter pellets and calves were fed pasteurized milk. Waste milk for calf feeding 
from milking cows being treated with medicines or antibiotics or from the first few 
milking of the lactation or milk that cannot be added to the bulk tank or cannot sold 
for human consumption (Chardavoyne, et al., 1979). In average one dairy could 
produce 22 to 62 kg of waste milk per cow per year. Therefore to reduce the cost of 
feeding 87.2 % of US dairy farmers use waste milk (USDA-NASS, 2002). Waste 
milk contains bacteria such as Mycobacterium avium ssp., Paratuberculosis 
(Streeter et al., 1995; Sweeney, 1996), Mycoplasma spp. (Butler et al., 2000; Stabel 
et al., 2004), Escherichia coli, and Salmonella spp. (Smith et al., 1989; Spier et al., 
1991; Stabel et al., 2004). Pasteurization of waste milk is one of the strategies to 
use waste milk. This strategy has been recommended in farms to reduce bacterial 
contamination and limit spread of milk transmitted diseases. Stabel (2001) and 
Stabel et al. (2004) demonstrated on-farm batch and high-temperature, short-time 
pasteurization methods can reduce the number of bacteria in waste milk. 
Our hypothesis was feeding MSP in starter pellets to calves will increase 




soybean meal starter pellets (CON) when all calves were also fed pasteurized waste 
milk. Additionally we hypothesized that there may be additive benefit of feeding 
MSP with pasteurized waste milk compared to our previous research with milk 
replacer on calf health, such as improved fecal consistency and body temperature. 
The objective of this research was to determine effects of 8% inclusion of MSP test 
product in calf starter on growth performance, health, and nutrient utilization when 
calves are fed on a pasteurized waste milk feeding program. 
MATERIALS AND METHODS 
Experimental Design 
The research was conducted under protocol (15-084A) approved by the 
South Dakota State University (SDSU) Institutional Animal Care and Use 
Committee with Animal Welfare Assurance number A3958-01. 
 Thirty-eight newborn Holstein calves (25 females and 13 males) were 
used in a 12-wk feeding experiment with two treatments. All calves were housed in 
individual hutches at the SDSU Dairy Research and Training Facility. Length, width 
and height of calf hutches were 223, 98, and 133 cm respectively (Calf-Tec, 
Ham-pel Animal Care, Germantown, WI). Calves hutches were bedded every week 




2016 and calves were added to the study as they were born cause it to take 8 months 
to finish feeding trial. Calves were fed 3.79 L of first colostrum immediately at birth, 
and a second feeding (2.84 L) was given approximately 6 h after first feeding. Calf 
blood serum protein concentrations were measured using a refractometer (J-351; 
Jorgensen laboratories, Inc., Loveland, CO) 24 h after birth, to determine passive 
transfer immunity. Overall mean concentration of serum protein were 5.9 ± 0.6 g/dL. 
Calves were then assigned randomly to one of two treatments in a randomized 
complete block design. Calves were blocked by sex and birthdate. The two 
treatments diets were:1) starter pellets containing MSP test product (MSP), and 2) 
starter pellets containing soybean meal (CON). Both treatment groups were fed 
pasteurized waste milk during pre-weaning period. Ingredients of the two starter 
pellets are shown in Table 5.1. Microbially-enhanced soy protein and soybean meal 
were included 8% and 12.5%, respectively in MSP starter pellets, and only 23% of 
soybean meal were included in CON starter pellets. Also there was 2.5% more 
grounded corn in MSP starter pellets compared to the CON starter pellets. 





Management of Calves 
Milk bottles were used to feed pasteurized waste milk throughout the 
pre-weaning period. Waste milk was pasteurized at 63℃ for 30 min using a 
commercial on-farm batch pasteurization system (Platinum DT30W pasteurizer, 
combi 30G; Dairy Tech Inc., Windsor, Colorado, 80546; Serial No 2342) and then 
cooled down to 49℃ before feeding the calves. During wk 1 to 5, calves were fed 
2.84 L of pasteurized waste milk twice daily (at 0600 and 1800 h) and once daily 
(0600 h) during wk 6. From wk 7 to 12 (post-weaning) calves were only fed their 
respective pelleted starter. Amounts offered and refusals of starter pellets were 
measured once daily for each calf to determine intakes. Calves had access for starter 
pellets and water ad libitum from second day of life to 12 wk of age. 
Health Parameters of Calves 
Daily during the first 3 wk of the study, after the morning feeding, health 
parameters including body temperature, ocular and nasal discharge were observed 
by one individual. Temperature, cough, nasal discharge, and eye scores were given 
on a scale of 0 to 3. Respiratory scores were then calculated as the sum of scores for 
rectal temperature, cough, ocular, and nasal discharge as described by McGuirk 




using a probe thermometer (DeltaTrak, Pleasanton, CA; model 11064). Fecal 
consistency scores were observe daily by one individual throughout the whole study 
on scale of 0 to 3 with 0 = firm and 3 = watery (McGuirk, 2005). 
Measurements and Sample Collections 
Pasteurized waste milk samples were collected weekly and analyzed for fat 
and protein content using a Milko Scan
TM
 S50 (FOSS North America, Wallace Rd, 
Eden Praivie, MN: model 75600). To determine total solids (TS), 1 ml of 
pasteurized waste milk sample was dried until get constant dry weight in a 105℃ 
oven (Precision Scientific Co., Chicago, IL: model 28). Solid not fat (SNF) was 
calculated as SNF = (TS % – Fat %). Ash content of pasteurized waste milk was 
analyzed by incinerating 1g of sample for 8 h at 450℃ in a muffle furnace 
(Thermolyne Corp., Dubuque, IA; temperature controller Model Wheelco 293, 
Barber-Colman Co., Rockford, IL: model F1730) (AOAC International, 2002; 
method 942.05). Lactose % was calculated as Lactose % = TS% – (Protein % + 
Fat % + Ash %; Klei et al., 1998). A sample of each starter pellets was taken weekly 
and kept frozen (-20℃) for subsequent analyses. Equal portions from four 
consecutive wk were composited to make monthly composites for nutrient analyses.  




d approximately 3-4 h after morning feeding during the experiment. At the same 
time, calves were measured for frame growth including hip height, hip width, heart 
girth, paunch girth, and body length. Body length was measured from the top point 
of withers to the end of the ischium (Hoffman, 1997). Calf body condition score 
(BCS) on a scale of 1 to 5, with 1 being emaciated and 5 being obese (Wildman et 
al., 1982), was observed by 3 independent individuals on the same schedule as 
growth measurements. 
Blood samples were taken at the same time as BW and body measures for 
metabolite analyses. Blood samples were collected approximately 3 h post morning 
feeding via venipuncture of the jugular vein into vacutainer tubes (Becton, 
Dickinson, and Company, Franklin Lakes, NJ) containing sodium fluoride (NaF1) 
for glucose analysis or potassium ethylene diamine tetra-acetic acid (K2EDTA) for 
β-hydroxybutyrate (BHB), triglycerides, and plasma urea nitrogen (PUN) analyses. 
Following blood collection, samples were immediately placed on ice and then 
brought within 3 h to the laboratory for processing. Blood collected tubes were 
centrifuged at 1000 × g for 20 min at 4℃ (CR412 Jouan Inc., Winchester, VA). 
Plasma or serum was transferred into polystyrene storage tubes and frozen at -20℃ 




During wk 12, fecal grab samples were taken to measure apparent total tract 
digestibility of DM, CP, and fiber by the calves. Over three d, fecal grab samples 
were collected at 0430, 0630, 1200, 1630 and 1800 h time points and kept frozen 
(-20℃) until subsequent processing and analysis. 
Laboratory Analysis 
Fecal grab samples were composited on an equal wet weight basis for each 
calf at the end of trial. Individual feed ingredient samples, pelleted starter 
composites and fecal composites were dried in duplicate for 48 h at 55℃ in a 
Dispatch oven (Style V-23, Dispatch Oven Co., Minneapolis, MN). Dried samples 
were ground to 2 mm particle size using a Wiley Mill (model 3; Arthur H. Thomas 
Co., Philadelphia, PA), then ground further to 1 mm particle size with an 
ultracentrifuge mill (Brinkman Instruments Co., Westbury, NY). To correct analyses 
to 100% DM, 1 g aliquots of samples were dried for 3 h in a 105℃ oven (Precision 
Scientific Co., Chicago, IL: mModel 28). 
Ash content was analyzed by incinerating a 1 g samples for 8 h at 450℃ in 
a muffle furnace (Thermolyne Corp., Dubuque, IA; temperature controller Model 
Wheelco 293, Barber-Colman Co., Rockford, IL: mModel F1730) (AOAC 




- % Ash). Pelleted starter samples were analyzed for nitrogen content by Dumas 
combustion analysis (AOAC International, 2002; method 968.06), on a Rapid N 
cube (Elementar Analysensysteme, GmBH, Hanay Germany). To find CP 
concentrations, feed sample nitrogen content was multiplied by 6.25. Neutral 
detergent fiber (NDF; Van Soest et al., 1991) and acid detergent fiber (ADF; 
Robertson and Van Soest, 1981) were analyzed by using the Ankom 200 fiber 
analysis system (Ankom Technology Corp., Fairport, NY). Heat stable α-amylase 
and sodium sulfite were used for NDF analysis. Feed samples were analyzed for 
ether extract (EE) content using diethyl ether (AOAC International, 2002; method 
920.39) in an Ankom XT10 fat analysis system (Ankom Technology Corp.). 
Non-fibrous carbohydrates (NFC) were calculated as % NFC=100 - (% Ash + % CP 
+ % NDF + % EE) according to the NRC (2001).  
Four month compotites of calf starter pellets were sent to a comercial 
laboratory (Dairy land Laboratories Inc., Arcadia, WI) for mineral and starch 
analyses. Calf pelleted starters were analyzed for starch, Ca, P, Mg, K, S, Na, and Cl. 
Mineral content, excluding chloride, was determined using inductively coupled 
plasma spectroscopy (AOAC International, 1995). Chloride content was determined 




Starch was analyzed using a modified procedure analyzing glucose using YSI 
Biochemistry Analyzer (YSI Inc., Yellow Springs, OH; Bach Knudsen, 1997). 
For apparent total tract digestibility calculations, acid detergent insoluble 
ash (ADIA) was used as an internal marker. The ADIA contents of feeds and feces 
were determined by analyzing samples for ADF, as previously described, and ash 
content was determined by incinerating the Ankom bags for 8 h at 450℃ in a muffle 
furnace. Calculations for apparent digestibility were done as described by Merchen 
(1988). 
Blood metabolites including glucose, BHB, triglycerides, and PUN were 
analyzed with commercially available enzymatic or colorimetric assay kits on a 
microplate spectrophotometer (Cary 50, Varian Inc., Walnut Creek, CA.). Serum 
glucose was analyzed by glucose oxidase as described by Trinder (1969; Pointe 
scientific Inc., Canton, MI). Concentration of BHB was analyzed by 
β-hydroxybutyrate dehydrogenase and diaphorase according to method described by 
Williamson et al. (1962; Pointe Scientific Inc., Canton, MI). Diacteyl monoxime 
was used to analyze PUN (Procedure 0580; Stanbio Laboratory, Boerne, TX). 
Statistical Analysis 




means and standard errors (SE) for nutrient analyses data. As described by Littell et 
al. (2006), randomized complete block design with repeated measures using the 
MIXED procedures of SAS was used to analyze DMI, growth data, health scores, 
and metabolic profile parameters. Treatment, sex, wk and the interaction of these 
factors were included in the model. As covariate Initial body size measurements and 
BW were used in the model for their respective parameters. Repeated measures by 
wk of the feeding period were done on intakes, BW, body measures, health scores, 
and metabolites using calf (block) as the subject. Akaike’s criterion was used to 
determine the most suitable covariance structure in repeated measures for each 
parameter. Covariance structures tested were compound symmetry, first-order 
autoregressive, Toeplitz, and unstructured. Compound symmetry was chosen as the 
covariance structure due to having the least absolute Akaike’s values. Least square 
means were compared using Tukey test and the slice option was used to determine 
the P-values for treatments during individual weeks and stages. As there were 
limited treatment × sex interactions those results are not presented. To determine 
ADG for body weight and change per day for body frame measurements the 
difference was calculated between each data collection time point and the previous 




0)/14 days]. Gain to feed ratio was calculated as the ratio of ADG of body weight to 
total dry matter intake for each treatment, which includes dry matter intake of 
pasteurized waste milk and calf starter pellets. 
 The MIXED procedure of SAS was used for analysis of data for apparent 
TTD of nutrients. In addition, the model included only treatment with block as a 
random variable. Least square means were compared using Tukey test. Significant 
differences among treatments were declared at P ≤ 0.05 and tendencies were 
declared at 0.05 < P ≤ 0.10. 
RESULTS AND DISCUSSION 
Nutrient Composition 
Table 5.2 shows nutrient composition of feed ingredients that were used to 
make starter pellets. The analyzed CP % was greater in MSP test product than in 
soybean meal at 61.57 % versus 51.19 %, respectively. Similarly, the MSP test 
product used in the previous study (Chapter 4) observed 62.57 % CP. There were 
also differences in NDF, ADF, NFC and starch between soybean meal and MSP test 
product. The nutrient composition of starter pellets of CON versus MSP is presented 
in Table 5.3. Both pellets were formulated to obtain similar CP content. However, 




Which was not anticipated based on individual feed nutrient composition and NRC 
(2001) feed formulation. Commercially available calf starters are recommended to 
contain at least 18% CP on a DM basis (NRC, 2001). Akayezu et al. (1994) and Hill 
et al. (2007) observed there is no growth advantage when CP levels were increased 
above 22% in starter pellets. Soybean meal was main source of protein in this starter 
pellets and it is most commonly used protein source in calf starter pellets (Drackley, 
2008). Generally, replacement of soybean meal with other protein sources reduce 
DMI and BW gain (Schrama et al., 1986) this is attributed with the anti-nutritional 
factors, less palatability, and poor amino acid profile. In contrast, this study showed 
that, there was no significant DMI and BW gain difference when MSP was added to 
the calf starter in partial replacement of soybean meal. There were greater (P < 0.01) 
NDF, NFC and starch in MSP starter pellets than CON starter pellets. Concentration 
of calcium in CON diet was not different to recommendation of NRC (2001) and 
MSP had slightly less concentrations than recommendation. Other mineral 
concentrations were slightly greater in both diets compared to recommendations 
(NRC, 2001). Composition of pasteurized waste milk is presented in Table 5.4. The 
TS, protein, fat and lactose % of pasteurized waste milk was in normal range 





Average starter DMI, total DMI, CP, EE, starch, NDF, and ADF are 
presented in Table 5.5. Intake of nutrients reflects the differences in the pelleted 
starters on a DM basis and consumption of starter pellets. Average starter DMI and 
total DMI were not different between treatments. During the pre-weaning period 
total DMI in calves fed MSP starter pellets had tendency (P = 0.07) to increase than 
CON starter pellets. Starter DMI in both treatments gradually increased throughout 
the study period. This is as expected and associated with the growth and increase 
nutrient requirement of the calves. Weekly DMI of calves fed starter pellets is shown 
in Figure 5.1. Crude protein intake was greater (P < 0.05) for calves fed CON starter 
pellets compared to calves fed MSP starter pellets. Figure 5.2 also shows average CP 
intakes by wk of the study. Average CP intake was not different between treatments 
during pre-weaning period and greater CP intake was observed (P < 0.01) in CON 
then MSP during post-weaning. This difference was anticipated because of the CP 
difference in the CON and MSP starter pellets. Calves fed MSP starter pellets had 
greater starch intake (Figure 5.3). This is attributed to the different starch content in 
CON and MSP. Ground corn was primary starch source in both starter pellets. The 




CON starter pellets fed calves. This because NDF and ADF content were slightly 
greater in MSP starter pellets compared to the CON starter pellets. Sarwar et al. 
(1991) and Khan et al. (2008) reported that greater NDF intake depresses the DMI in 
calves. However, calves fed either MSP or CON had similar DMI. In addition, 
greater consumption of CP, starch and NDF has better potential to encourage 
ruminal metabolic ability to ferment OM (Khan, et al., 2008). 
Body Weight, ADG, Gain:Feed, and Body Frame Growth 
Body weight, ADG and gain: feed are presented in Table 5.6. Overall BW 
and ADG were not different between treatments throughout the study period. Mean 
BW was 75.38 and 75.03 kg in calves fed CON and MSP starter pellets, respectively. 
In previous research (Chapter 4) we observed that mean BW were not different 
calves fed starter pellets containing 23 % MSP with accelerated milk replacer (28 % 
CP; 18% Fat). These results indicated that inclusion of MSP test product at a lesser 
rate also provides same effects. Average gain: feed was not different between 
treatments with an interaction between treatment and wk (P < 0.01). Zhang et al. 
(2016) and Fouladgar et al. (2016) reported that there is close correlation between 
gain: feed ratio and nutrient utilization. In this study we observed that nutrient 




showed 0.47 kg/kg mean gain: feed when calves fed starter pellets containing 23% 
MSP with conventional milk replacer (20 % CP; 20 % Fat) during pre-weaning 
period. In contrast during pre-weaning calves fed starter pellets containing 8% MSP 
with pasteurized waste milk had 0.60 kg/kg mean gain: feed. During pre-weaning 
calves fed CON had greater (P = 0.01) gain: feed with and interaction between 
treatment and wk. Both CON and MSP starter pellets fed calves had 0.41 kg/kg 
gain: feed during post-weaning. These gain: feed ratios differences between pre- and 
post-weaning could be attributed with pasteurized waste milk and starter feeding at 
pre-weaning and only starter feeding at post-weaning.  
Body frame growth measurements are presented in Table 5.7. There was an 
interaction between treatments and wk for withers height changes per day. However, 
differences are numerically small. All other body frame measurements and changes 
per day were not different between treatments.  
Metabolic Profile 
 Table 5.8 presents overall mean concentrations of PUN, glucose, BHB and 
triglycerides. There were treatment effects for PUN concentration (P < 0.01; Figure 
5.4), and BHB concentrations (P = 0.04; Figure 5.5). During pre-weaning PUN 




concentrations were greater (P < 0.05) in calves fed CON starter pellets compared to 
calves fed MSP starter pellets during the post weaning period. This differences 
attributed with different intake of CP. Khan et al. (2007) reported that PUN 
concentrations in older calves were probably the function of CP consumption. In 
addition, PUN concentrations depend on greater protein degradation and amino acid 
deamination. (Hadorn et al., 1997). Plasma concentration of BHB was increased in 
calves fed MSP starter pellets throughout the research period (Figure 5). Greater 
blood BHB concentrations indicate greater rumen epithelial development, 
metabolism (Baldwin et al., 2004), and utilization of VFA produced by fermentation 
of the solid feed (Quigley et al., 1991). The increase of plasma BHB concentration 
appears to be associated with the starter, CP and starch intake (Figure 5.5). This 
attributes with fermentation of substrate in the rumen by microbes. Serum glucose 
and plasma triglycerides concentrations were not different between treatments. 
Decrease in serum glucose concentrations were observed in calves fed both 
treatments as they grew older. This change could be attributed to the physiological 
shift in the primary energy source from glucose to VFA when the rumen develops in 




Health Parameters of Calves  
Fecal score, body temperature and respiratory score are presented in Table 
5.9. There was no effect of treatment for fecal score. This is attributed to the overall 
health of the calves during the study related to sanitary management and housing 
conditions of the calves. However, there was a treatment by wk interaction for fecal 
scores. During the pre-weaning period fecal scores were not different either in calves 
fed MSP or CON, but lower (P < 0.01) fecal scores were observed in calves fed 
MSP during the post-weaning period. This difference during the post-weaning 
period could be directly related to the consumption of starter pellets. 
Microbially-enhanced soy protein contains left over compounds such as 
oligosaccharides and other prebiotic compounds (Gibbons and Brown, 2012). 
Oligosaccharides have potential to reduce diarrhea incidences (Van Loo et al., 1999) 
and improve health and function of leukocytes (Jensen et al., 2008; Brewer et al., 
2014). Therefore, this attributed with the firmness of fecal in calves fed MSP starter 
pellets compared to the CON starter pellets. Average body temperature was not 
different between treatments (Figure 5.7). Both treatments had lower body 
temperature at first day of age and then gradually increased and within a week most 




respiratory score by treatment over the time. Mean respiratory score was normal 
throughout the first 3 wk of the study in both treatments. Overall respiratory score 
was in normal range and this is closely associated with body temperature and health 
of the calves.  
Apparent Total Tract Digestion of Nutrients. 
Apparent total tract digestion of nutrients is presented in Table 5.10. The 
TTD of CP, ADF and NDF were increased (P < 0.05) in calves fed MSP starter 
pellets compared to calves fed CON starter pellets. Dry matter digestibility had a 
tendency to be greater (P = 0.06) in calves fed MSP starter pellets compared to 
calves fed CON starter pellets. Schossow et al. (2016) observed greater TTD of DM, 
OM, and NDF with tendency on CP and ADF TTD when older heifers fed soluble 
syrup from MSP as a partial replacement of protein from soybean meal. Lesmeister 
et al., (2004) reported that dietary supplementation of dairy calves with yeast culture 
improved digestibility of CP, which was attributed to the development of the 
papillae and prebiotic community in the rumen in calves and thus increases the 
nutrient utilization.  
CONCLUSIONS 




plan did not affect to the BW, ADG, starter intake, and frame growth measurements 
compared to calves fed CON starter pellets. However, starch, NDF and EE intake 
were greater in calves fed MSP starter pellets than CON starter pellets. Similar 
gain:feed ratio was observed between treatments with a strong treatment by wk 
interaction. Greater CP, NDF and ADF apparent total tract digestibility were 
observed calves fed MSP starter pellets compared to calves fed CON starter pellets. 
β- hydroxybutyrate was greater in calves fed MSP indicating rumen development 
maybe affected by MSP starter pellets. Plasma urea nitrogen was greater in calves 
fed CON. Treatments had similar glucose and triglycerides concentrations. Overall 
average fecal score was firmer in both treatments. However, less fecal score was 
observed in calves fed MSP starter pellets than in calves fed CON starter pellets 
during post-weaning period. This may be attributed with prebiotic compounds in 
MSP starter pellets. Body temperature and respiratory score were not different in 
treatments. Overall, results demonstrated that, feeding MSP in starter pellet has 
potential to maintain growth performance, improve feed digestibility and firmness of 
feces in calves.  
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Table 5. 1. Ingredient composition for a calf starter pellets containing soybean meal 




Ingredients, % of DM SBM MSP 
Corn, ground 35.0 37.5 
Microbially-enhanced soy protein
2
 - 8.0 
Soybean meal  23.0 12.5 
Wheat middlings 35.0 35.0 
Molasses, Sugar cane 5.0 5.0 
Mineral mix
3
 1.7 1.7 
Salt  0.3 0.3 
1
Pellets were made by Pipestone Grain Company, Pipestone, MN. 
2
Prairie AquaTech, Brookings, SD.
 
3
48.2% dicalcium phosphate; 13.7% salt; 28.37% limestone; 3% selenium (0.06%); 
5% ruminant trace mineral mix (2.59 % calcium; 10.64 % magnesium oxide; 1,802 
mg/kg cobalt carbonate; 25,022 mg/kg copper sulfate; 340 mg/kg iodine; 100,715 
mg/kg iron sulfate; 49,906 mg/kg manganese sulfate; 49,900 mg/kg zinc sulfate; 
1.0% mineral oil; rice hulls as carrier); 1.2% liquid molasses; 0.44% vitamin A; 






Table 5. 2. Nutrient composition of corn grain, wheat middlings, soybean meal 
(SBM), and the microbially-enhanced soy protein test product (MSP) used to make 
calf starter pellets 
 Corn Wheat Middlings SBM MSP 
Item, % DM Mean SE Mean SE Mean SE Mean SE 
DM 77.79 0.45 80.18 0.39 81.99 0.36 98.02 0.47 
Ash 1.18 0.06 4.71 0.08 7.33 0.40 6.41 0.43 
OM 98.71 0.06 95.40 0.08 92.62 0.32 93.59 0.43 
CP 8.01 0.25 20.34 0.10 51.19 0.15 61.26 0.52 
NDF 10.34 0.37 38.55 0.45 8.62 2.12 11.91 0.15 
ADF  2.71 0.11 12.76 0.32 4.67 0.34 7.79 0.22 
EE 3.85 0.10 3.68 0.10 1.28 0.01 0.19 0.01 
NFC
1
 76.51 0.77 32.71 0.38 31.58 2.68 20.22 0.26 
Starch 72.42 - 19.96 - 1.89 - 0.24 - 
1






Table 5. 3. Nutrient composition of calf starter pellets containing soybean meal 
(CON) and containing microbially-enhanced soy protein (MSP)   
 CON pellets MSP pellets 
Item
1
 Mean SE Mean SE 
DM
2
 77.70 0.22 76.81 0.47 
Ash
2
 6.72 0.32 5.90 0.29 
OM
2
 93.28 0.32 94.10 0.29 
CP
2
 22.45 0.63 20.92 0.45 
EE
2
 3.33 0.27 3.63 0.26 
NDF
2
 21.08 3.58 23.20 3.46 
ADF
2
 6.01 0.44 6.62 0.28 
NFC
2,3
 46.80 3.26 47.84 0.93 
Starch
4
 30.88 2.14 34.94 1.03 
Ca
4
 0.67 0.12 0.51 0.03 
P
4
 0.92 0.07 0.84 0.04 
Mg
4
 0.33 0 0.31 0.01 
K
4
 1.30 0 1.13 0.01 
S
4
 0.24 0 0.33 0.04 
Na
4
 0.29 0.01 0.27 0.02 
Cl
4
 0.75 0.02 0.69 0.01 
DCAD mEq/100g 9.953 1.21 0.75 0.52 
1
 % of DM unless otherwise indicated. 
2 
Analysis performed on monthly composites (n= 4). 
3
 NFC =100 - (% Ash + % CP + % NDF + % EE) (NRC, 2001). 
4 
Analysis performed on monthly composites (n= 4). 
5





Table 5. 4. Composition of pasteurized milk
1
 fed to calves from 1 to 6 week of age 
 As-is DM basis 
Components % Mean SD Mean SD 
TS 12.36 0.94 - - 
Fat  3.98 0.73 32.16 5.03 
Protein 3.44 0.40 27.88 2.58 
Lactose
2
 4.19 0.65 33.91 5.09 
SNF
3
 8.37 0.76 67.84 5.03 
Ash 0.74 0.14 6.05 1.21 
1
Milk samples were collected weekly during the study (n=50).  
2
Lactose % = TS% – (Protein % + Fat % + Ash %) 
3





Table 5. 5. Nutrient intake for Holstein calves fed starter pellets containing soybean 









CON MSP Trt wk Trt × 
wk 
Stage Trt × 
Stage 
Starter Intake, DM g/d         
Mean  1187.02 1191.15 47.54 0.73 <0.01 0.16 <0.01 0.14 
Pre-weaning, g/d 254.89 290.08 16.30 0.22     




Mean  1460.26 1467.93 47.59 
 





Pre-weaning, g/d 821.36 858.22 14.80 0.07     
Post-weaning, g/d 2024.58 2009.08 16.82 0.50     
CP Intake, g/d         
Mean 409.05 392.23 12.92 <0.01 <0.01 <0.01 <0.01 <0.01 
Pre-weaning, g/d 229.09 235.01 4.02 <0.01     
Post-weaning, g/d 568.02 532.25 4.51 0.28     
EE Intake, g/d         
Mean 137.85 144.59 2.31 <0.01 <0.01 <0.01 <0.01 0.16 
Pre-weaning, g/d 193.05 196.18 1.74 0.19     
Post-weaning, g/d 84.50 92.76 1.97 <0.01     
Starch Intake, g/d         
Mean 459.71 528.19 19.87 <0.01 <0.01 <0.01 <0.01 <0.01 
Pre-weaning, g/d 98.91 127.90 6.77 <0.01     
Post-weaning, g/d 783.86 889.34 7.69 <0.01     
NDF Intake, g/d         
Mean 312.29 350.20 13.31 <0.01 <0.01 <0.01 <0.01 0.02 
Pre-weaning, g/d 67.17 84.88 4.54 <0.01     
Post-weaning, g/d 532.52 589.82 5.16 <0.01     
ADF Intake, g/d         
Mean 91.78 99.95 3.84 <0.01 <0.01 <0.01 <0.01 <0.01 
Pre-weaning, g/d 19.73 24.26 1.31 0.01     
Post-weaning, g/d 156.52 168.42 1.47 <0.01     
1
 P values for effects of treatment (Trt), week (wk) and the treatment × week 
interaction (Trt × wk) and stage (pre-weaning vs post-weaning) the treatment × 
stage interaction (Trt × Stage). 
2
Calves were weaned from pasteurized milk at the end of wk 6 
3







Table 5. 6. Body weight, average daily gain, and gain to feed ratio for Holstein calves 
fed starter pellets containing soybean meal (CON) or containing microbially 
enhanced soy protein (MSP) 





Item CON MSP Trt wk Trt × wk 
BW, Kg       
Mean  75.38 75.03 2.39 0.91 <0.01 0.99 
wk 0 39.57 41.91 1.47 0.26 - - 
wk 6
2
 69.30 68.81 2.76 0.89 - - 
wk 12 105.85 106.57 2.77 0.84 - - 
ADG, kg/d       
Mean 0.77 0.75 0.03 0.53 <0.01 0.59 
Pre-weaning, kg/d 0.69 0.66 0.50 0.60 - - 
Post-weaning, kg/d 0.86 0.87 0.50 0.77 - - 
Gain:Feed
3
, kg/kg       
Mean 0.62 0.60 0.03 0.48 <0.01 0.01 
Pre-weaning, kg/kg 0.84 0.81 0.01 0.01 - - 
Post-weaning, kg/kg 0.41 0.41 0.01 0.96 - - 
1
 P values for effects of treatment (Trt), week (wk) and the treatment × week 
interaction (Trt × wk). 
2
Calves were weaned off pasteurized milk at the end of wk 6. 
3
Gain:Feed ratio was calculated as Kg of BW/kg of DMI. 




Table 5. 7. Frame growth measurements and body condition scores for Holstein 
calves fed starter pellets containing soybean meal (CON) or containing 








CON MSP Trt wk Trt × 
wk 
Withers Height, cm       
Means 89.17 90.03 0.86 0.43 <0.01 0.18 
Wk 0 76.54 77.30 0.95 0.56   
Wk 6
2
 88.13 89.79 0.99 0.50   
Wk 12 96.65 97.27 0.99 0.50   
Change, cm/d 0.24 0.23 0.01 0.71 <0.01 0.02 
Heart Girth, cm       
Means 94.25 94.46 1.07 0.87 <0.01 0.75 
Wk 0 74.76 75.53 0.95 0.56   
Wk 6
2
 92.51 93.43 1.23 0.74   
Wk 12 105.70 105.75 1.24 0.75   
Change, cm/d 0.37 0.37 0.02 0.93 <0.01 0.67 
Paunch Girth, cm       
Means  100.72 100.29 1.62 0.83 <0.01 0.84 
Wk 0 74.38 75.26 0.99 0.52   
Wk 6
2
 96.57 97.02 1.79 0.98   
Wk 12 117.54 118.56 2.38 0.57   
Change, cm/d 0.57 0.57 0.04 0.98 0.16 0.59 
Body Length, cm       
Means  74.63 75.32 0.65 0.41 <0.01 0.57 
Wk 0 61.02 62.21 1.19 0.47   
Wk 6
2
 73.43 74.52 1.13 0.53   
Wk 12 82.64 83.82 1.14 0.87   
Change, cm/d 0.26 0.25 0.01 0.47 0.24 0.47 
Hip Width, cm       
Means  20.32 20.14 0.21 0.56 <0.01 0.69 
Wk 0 16.27 15.97 0.30 0.48   
Wk 6
2
 19.40 19.59 0.29 0.13   
Wk 12 23.58 23.13 0.29 0.74   
Change, cm/d 0.09 0.09 0.002 0.98 0.24 0.72 
Body Condition Score
3
       
Means 2.62 2.60 0.02 0.45 <0.01 0.38 
Wk 0 2.05 2.03 0.04 0.79   
Wk 6
2
 2.59 2.57 0.03 0.57   
Wk 12 2.92 2.88 0.03 0.26   
1
 P values for effects of treatment (Trt), week (wk) and the treatment × week 
interaction (Trt × wk).
 
2
Calves were weaned off pasteurized milk at the end of wk 6.  
3





Table 5. 8. Blood metabolite concentrations for Holstein calves fed starter pellets 









CON MSP Trt wk Trt × wk 
PUN
2
, mg/dL 12.58 11.05 0.39 <0.01 <0.01 0.31 
Glucose
3


















 P values for effects of treatment (Trt), week (wk) and the treatment × week 
interaction (Trt × wk).
 
2
Plasma Urea Nitrogen. 
3








Table 5. 9. Fecal scores, temperature and respiratory scores for Holstein calves fed 
starter pellets containing soybean meal (CON) or containing microbially-enhanced 








CON MSP Trt wk Trt × 
wk 




         
Mean 0.26 0.19 0.25 0.11 <0.01 <0.01 <0.01 0.01 
Pre-weaning 0.29 0.27 0.01 0.25     
Post-weaning 0.24 0.13 0.01 <0.01     
Temperature, ℃         





        
Mean 2.27 2.28 0.06 0.89 <0.01 0.88 - - 
1
 P values for effects of treatment (Trt), week (wk), treatment × week interaction 
(Trt × wk), stage (pre-weaning vs. post-weaning) and the treatment × stage 
interaction (Trt × Stage).
 
2
Scale of 0 to 3 with 0 being firm (Nomal) and 3 being watery. 
3
Respiratory score =(Temperature score + Nasal Score + Eye Score＋Cough score) 






Table 5. 10. Week 12 apparent total tract digestibility of nutrients for Holstein calves 
fed starter pellets containing soybean meal (CON) and containing 








CON MSP Trt 
DM 90.44 93.96 1.36 0.06 
CP 60.35 74.68 5.26 0.05 
ADF 19.76 40.13 8.82 0.05 
NDF 31.95 54.89 6.29 <0.01 
1




Figure 5. 1. Weekly averages of dry matter intake (DMI) for Holstein calves fed 
starter pellets containing soybean meal (CON) or containing microbially-enhanced 

























Trt: = 0.73 
wk: < 0.01 
Trt×wk: = 0.16 
Trt×stage: = 0.14 


































Trt: < 0.01 
wk: < 0.01 
Trt×wk: < 0.01 
Trt×stage: < 0.01 
SEM = 14.72 
Weaning 
Figure 5. 2. Weekly averages of CP intake for Holstein calves fed starter pellets 
containing soybean meal (CON) or containing microbially-enhanced soy protein 



























Trt: = 0.47 
wk: < 0.01 
Trt×wk: < 0.01 
SEM = 0.03 
Weaning 
 
Figure 5. 3. Gain:feed (G:F) ratio for Holstein calves fed pellets containing soybean 
meal (CON) or containing microbially-enhanced soy protein (MSP). * indicates 































Trt: < 0.01 
wk: < 0.01 
Trt×wk: = 0.31 
Trt×stage: = 0.02 
SEM = 0.86 
Weaning 
Figure 5. 4. Plasma urea nitrogen (PUN) concentrations for Holstein calves fed 
starter pellets containing soybean meal (CON) or containing microbially-enhanced 



























Trt: = 0.04 
wk: < 0.01 
Trt×wk: = 0.41 
Trt×stage: = 0.24 
SEM = 3.23 
* 
Weaning 
Figure 5. 5. Concentration of plasma β-Hydroxybutyrate (BHB) for Holstein calves 
fed starter pellets containing soybean meal (CON) or containing 






Figure 5. 6. Fecal consistency scores for Holstein calves fed starter pellets containing 
soybean meal (CON) or containing microbially-enhanced soy protein (MSP). * 
indicates values differ by P < 0.05 with Tukey’s test.
 †
 indicates values tendancy by 























Trt: = 0.11 
wk: < 0.01 
Trt×wk: < 0.01 
Trt×stage: = 0.01 










Figure 5. 7. Body temperature for Holstein calves fed starter pellets containing 
soybean meal (CON) or containing microbially-enhanced soy protein (MSP). * 

























Trt: = 0.45 
Day: < 0.01 
Trt×Day: = 0.73 





Figure 5. 8. Respiratory Scores for Holstein calves fed starter pellets containing 
soybean meal (CON) or containing microbially enhanced soy protein (MSP). * 




























Trt: = 0.89 
Day: < 0.01 
Trt×Day: = 0.88 




CHAPTER 6: GROWTH PERFORMANCE, NUTRIENT UTILIZATION, 
AND HEALTH OF CALVES SUPPLEMENTED WITH CONDENSED WHEY 
SOLUBLES 
ABSTRACT 
Our objective was to evaluate growth performance, nutrient utilization, and 
health of calves supplemented with condensed whey solubles (CWS). Twenty-four 
Holstein calves (2d old) in hutches were used in a 12-wk randomized complete 
block design study. Calves were blocked by birthdate and sex. Treatments were: 1) 
control (CON) with no supplement and 2) 50 g/d CWS. Pre-weaning CWS was fed 
with milk and post-weaning CWS was top-dressed on starter pellets. Calves were 
fed 2.83 L of pasteurized milk 2×/d during wk 1 to 5, 1×/d in wk 6, and weaned at d 
42. Starter pellets and water were fed ad libitum. Individual intakes of milk and 
starter pellets were measured daily. Fecal scores (0 = firm, 3 = watery) and 
respiratory scores (healthy ≤ 3, sick ≥ 5) calculated from the sum of scores for rectal 
temperature, cough, ocular, and nasal discharge were recorded daily. Body weights 
(BW), frame growth and jugular blood samples were taken once every wk at 3 h 
post morning feeding. Fecal grab samples were collected in wk 12 for total tract 




repeated measures. Significant differences were declared at P < 0.05 and tendencies 
were 0.05 ≤ P < 0.10. Total DMI was greater in calves fed CWS compared to CON. 
Body weight of calves tended to be greater during post-weaning in fed CWS. Gain: 
feed, ADG, withers height, plasma urea nitrogen, and glucose were not different. 
Concentrations of plasma β-hydroxyl butyrate were greater in calves fed CWS 
compared to CON. The apparent total tract digestibility of DM, CP, and ADF were 
not different between treatments and NDF tended to be greater in CON. Fecal scores 
were not different but there was a  treatment × wk interaction. Respiratory scores 
were not different between treatments. Supplementing CWS improved starter intake, 
post-weaning BW, BHB, fecal scores, and maintained frame growth.  
Keywords: Condensed whey solubles, dairy calf, growth performance 
INTRODUCTION 
Optimizing calf growth and maintaining health is a vital during the early 
stage of calf life. Early stage infections and subsequent diarrhea cause health 
problems in calves during the first 2 to 3 months of life and are the primary 
reasoning for death and lesser growth performance (Davis and Drackley, 1998). In 
dairy production antibiotics are received with pasteurized milk or milk replacer and 




dairy calves less than 3 wk of age in the United States are fed milk replacer 
containing medications (Heinrichs et al., 1995). In addition, 71% of dairy calves that 
were greater than 3 wk of age were fed medicated milk replacers. This overuse of 
antibiotics in dairy production may contribute to antibiotic resistance in human 
pathogens (Fey et al., 2000). Plasma proteins (Morrill et al., 1995; Quigley and 
Drew, 2000), probiotic bacteria (Jenny et al., 1991), yeast cultures (Seymour et al., 
1995), and oligosaccharides (Kaufhold et al., 2000; Donovan et al., 2002; Quigley et 
al., 2002) are used as alternative of antibiotics. Oligosaccharides are indigestible 
dietary ingredients that provide health benefits to the animal by modulating gut 
microbiome (Gibson et al., 2010; Barile and Rastall, 2013; Rastall and Gibson, 
2015). Mannan oligosaccharides included in milk replacer showed less severity of 
diarrhea and fecal fluidity, fecal consistency, and increased feed intake compared to 
control (Heinrichs et al., 2003). In addition, mannan oligosaccharide fed nursery 
pigs improved growth performance (Dvorak and Jacques, 1998). Dairy calves fed 
mannan oligosaccharide improved weight gain and starter intake (Dvorak and 
Jacques, 1997). Galactosyl-lactose is a trisaccharide that is produced by enzymatic 
treatment of dairy product solids or permeate. When fed to calves it increased body 




incidence of diarrhea.  
Dairy product solids are rich source of protein and lactose. Dairy product 
solids can be filtered by membrane technology to separate protein and lactose. 
Through enzymatic digestion lactose produce variety of compounds including di- 
and olighosaccharides. Idaho Milk Products developed a Condensed Whey Solubles 
(CWS) product, containing proprietary prebiotics derived from milk to improve the 
calves performance and health.. We hypothesize that CWS added to pasteurize waste 
milk (from on-farm) and then post-weaning top-dressed on calf starter, could 
improve calf performance. More specifically, it is hypothesized that CWS 
supplementation will reduce the growth of enteric pathogens and improve beneficial 
microorganism profile in the gut. This may have the potential to improve early 
gastrointestinal development, leading to improved nutrient digestion and absorption 
and growth performance. The main objective of this study is to determine the effects 
supplementation of CWS on growth performance, nutrient utilization, and general 
health of dairy calves. 
MATERIALS AND METHODS 
Experimental Design 




State University (SDSU) Institutional Animal Care and Use Committee, protocol 
number 17-034E. Twenty four newborn Holstein calves (12 females and 12 males) 
were used in a 12-wk feeding experiment. All calves were housed in individual 
hutches at the SDSU Dairy Research and Training Facility. Length, width, and 
height of calf hutches were 223, 98, and 133 cm respectively (Calf-Tec, Ham-pel 
Animal Care, Germantown, WI). Calves hutches were bedded every week using 
wheat straw. The experiment was conducted from May 2017 to October 2017. 
Calves were added to the study as they were born. Calves were fed 3.79 L of first 
colostrum immediately at birth, and a second feeding (2.84 L) was given 
approximately 6 h after first feeding. After, calves were taken into the study. Calf 
blood serum protein concentrations were measured using a refractometer (J-351; 
Jorgensen Laboratories, Inc., Loveland, CO) 24 h after birth, to gauge passive 
transfer of IgG. The overall mean concentration of serum protein was 5.8 ± 0.7 g/dL.  
Calves were assigned randomly to one of two treatments in a randomized 
complete block design. Calves were blocked by sex and birthdate. The two 
treatments diets were: 1) control (CON) with no supplements, and 2) 50 g/d 
supplementation (CWS). Both treatment groups were fed pasteurized waste milk 




throughout the pre-weaning period. Waste milk was pasteurized at 63℃ for 30 min 
using a commercial on-farm batch pasteurization system (Platinum DT30W 
pasteurize, combi 30G; Dairy tech Inc., Windsor, Colorado, 80546; Serial No 2342) 
and then cooled down to 49℃ before feeding the calves. During wk 1 to 5, calves 
were fed 2.84 L of pasteurized waste milk twice daily (at 0600 and 1800 h) and once 
daily (0600 h) during wk 6. Only for CWS group, CWS was added 25 g for each 
feeding during wk 1 to 5. Only in wk 6, 25 g of CWS was added to morning milk, 
and then another 25 g of CWS was top dressed to starter pellets. Fifty grams of 
CWS was top dressed to starter pellets during the wk 7 to 12. Calf starter intakes 
were measured daily, and calves had access for starter pellets and water ad libitum 
from the second day of life through the experimental period.  
Health Parameters of Calves 
Daily, health parameters including body temperature, ocular and nasal 
discharge and fecal consistency were observed before the evening feeding by one 
individual (McGuirk, 2005). Fecal consistency scores were on scale of 0 to 3 with 0 
= firm and 3 = watery. Temperature, cough, nasal discharge, and eye scores were 
also given on a scale of 0 to 3. Respiratory scores were then calculated as the sum of 




McGuirk (2005). Rectal body temperatures were measured every day between 0500 
to 0600 h using a probe thermometer (DeltaTrak, Pleasanton, CA; model 11064).  
Measurements and Sample Collection 
Pasteurized waste milk samples were collected weekly and analyzed for milk 
composition using a DairySpecFT (Bentley Instruments, Inc. 4004 Peavey Rd, 
Chaska, Minnesota 55318, USA). Ash content of pasteurized waste milk was 
analyzed by incinerating 1g of the sample for 8 h at 450℃ in a muffle furnace 
(Thermolyne Corp., Dubuque, IA; temperature controller Model Wheelco 293, 
Barber-Colman Co., Rockford, IL: model F1730) (AOAC International, 2002; 
method 942.05). A sample of each starter pellets was taken weekly and kept frozen 
(-20℃) for subsequent analyses. Equal portions from four consecutive wk were 
composited to make monthly composites for nutrient analyses.  
Calves were weighed every wk after three h of morning feeding throughout 
the study period. At the same times, calves were measured for frame growth 
including hip height, hip width, heart girth, paunch girth, and body length. Body 
length was measured from the top point of withers to the end of the ischium 
(Hoffman, 1997). Calf body condition score (BCS) on a scale of 1 to 5, with 1 being 




individuals on the same schedule as growth measurements. 
During wk 12, fecal grab samples were taken to measure apparent total tract 
digestibility of DM, CP, and fiber. Over 3 d, fecal grab samples were collected at 
0430, 0630, 1200, 1630 and 1800 h time points and kept frozen (-20℃) until 
subsequent processing and analysis. Rumen fluid samples were collected using an 
esophageal tube and a hand operated pump at 3 to 4 h after the morning feeding on 
wk 8 and 12. Rumen fluid was collected after removing saliva contaminated rumen 
fluid at the beginning. Rumen pH of the samples were measured using a pH meter 
(Waterproof pH Testr 30, Oakton Instruments, Vernon Hills, IL) 5 ml of aliquot of 
rumen fluid was acidified with 1 ml of 25% (wt/vol) metaphosphoric acid for VFA 
analysis and another 5 ml of rumen fluid was acidified with 100 μl of 50% (vol/vol) 
sulfuric acid for NH3-N analysis. Then both samples were immediately placed on ice 
and then stored -20℃ until further analysis.  
Blood samples were taken at the same time as BW and body measures for 
metabolite analyses. Blood samples were collected approximately three h 
post-feeding via venipuncture of the jugular vein into vacutainer tubes (Becton, 
Dickinson, and Company, Franklin Lakes, NJ) containing sodium fluoride (NaF1) 




β-hydroxybutyrate (BHB), and plasma urea nitrogen (PUN) analyses. Following 
blood collection, samples were immediately placed on ice and then brought within 2 
h to the laboratory for processing. Blood samples were centrifuged at 1000×g for 
20 min at 8℃ (CR412 Jouan Inc., Winchester, VA). Plasma or serum was transferred 
into polystyrene storage tubes and frozen at -20℃ until further analysis. 
Laboratory Analysis 
For nutrient analysis fecal grab samples were composited on an equal wet 
weight basis for each calf. Calf starter pellet samples were taken once weekly 
throughout the study and composited by month for nutrient analysis. Individual feed 
ingredient samples, pelleted starter composites, and fecal composites were dried in 
duplicate for 48 h at 55℃ in a Dispatch oven (Style V-23, Dispatch Oven Co., 
Minneapolis, MN). Dried samples were ground to 2 mm particle size using a Wiley 
Mill (model 3; Arthur H. Thomas Co., Philadelphia, PA), then ground further to 1 
mm particle size with an ultracentrifuge mill (Brinkman Instruments Co., Westbury, 
NY). To correct analyses to 100% DM, 1 g aliquots of samples were dried for 3 h in 
a 105℃ oven (Precision Scientific Co., Chicago, IL: Model 28). 
Ash content was analyzed by incinerating a 1 g samples for 8 h at 450℃ in a 




Wheelco 293, Barber-Colman Co., Rockford, IL: Model F1730) (AOAC 
International, 2002; method 942.05). Organic matter was calculated as OM= (100 
- % Ash). Pelleted starter samples were analyzed for nitrogen content by Dumas 
combustion analysis (AOAC International, 2002; method 968.06), on a Rapid N 
cube (Elementar Analysensysteme, GmBH, Hanau Germany). Neutral detergent 
fiber (NDF; Van Soest et al., 1991) and acid detergent fiber (ADF; Robertson and 
Van Soest, 1981) were analyzed by using the Ankom 200 fiber analysis system 
(Ankom Technology Corp., Fairport, NY). Heat stable α-amylase and sodium sulfite 
were used for NDF analysis. Feed samples were analyzed for ether extract (EE) 
content using diethyl ether (AOAC International, 2002; method 920.39) in an 
Ankom XT10 fat analysis system (Ankom Technology Corp.). Non-fibrous 
carbohydrates (NFC) were calculated as % NFC=100 - (% Ash + % CP + % NDF 
+ % EE) according to the NRC (2001).  
Four-month composites of calf starter pellets were sent to a commercial 
laboratory (Dairy land Laboratories Inc., Arcadia, WI). Calf pelleted starters were 
analyzed for starch, CP, Ca, P, Mg, K, S, Na, and Cl. Mineral content, excluding 
chloride, was determined using inductively coupled plasma spectroscopy (AOAC 




chloride analyzer (Corning 926, Corning Inc., Corning, NY). Starch was analyzed 
using a modified procedure analyzing glucose using YSI Biochemistry Analyzer 
(YSI Inc., Yellow Springs, OH; Bach Knudsen, 1997). The CP was measured using 
the combustion method (AOAC international, 2002; method 990.03).  
For apparent total tract digestibility calculations, acid detergent insoluble ash 
(ADIA) was used as an internal marker. The ADIA content of feeds and feces was 
determined by analyzing samples for ADF, as previously described, and ash content 
was determined by incinerating the Ankom bags for 8 h at 450℃ in a muffle furnace. 
Calculations for apparent digestibility were done as described by Merchen (1988). 
Blood metabolites including glucose, BHB, and PUN were analyzed with 
commercially available enzymatic or colorimetric assay kits on a microplate 
spectrophotometer (Cary 50, Varian Inc., Walnut Creek, CA.). Plasma glucose was 
analyzed by glucose oxidase as described by Trinder (1969; Pointe scientific Inc., 
Canton, MI). The concentration of BHB was analyzed by β-hydroxybutyrate 
dehydrogenase and diaphorase according to the method described by Williamson et 
al. (1962; Pointe Scientific Inc., Canton, MI). Diacteyl monoxime was used to 
analyze PUN (Procedure 0580; Stanbio Laboratory, Boerne, TX). 




thawed and centrifuged at 30,000 × g for 20 min at 4℃ (centrifuge: Eppendorf 5403 
Eppendorf North America, Hauppauge, NY). Volatile fatty acid concentrations were 
measured using an automated gas-liquid chromatograph (model 6890, 
Hewlett-Packard) using a flame ionization detector. The 2-ethylbutyrate was used as 
an internal standard to separate VFA on a capillary column (15 m × 0.25 mm i.d.; 
Nukol, 17926-01C, Supelco Inc., Bellefonte, PA).  The split ratio of 100:1 in the 
injector port was at a temperature of 250°C with flow-rate of 1.3 mL/min of Helium. 
The column and detector temperature were maintained at 140°C and 250°C, 
respectively.  
For the analysis of NH3-N, rumen samples that preserved with sulfuric acid 
were thawed and centrifuged at 30,000×g for 20 min at 4℃ (centrifuge: Eppendorf 
5403 Eppendorf North America, Hauppauge, NY). The colorimetric assay was 
performed to analyzed NH3-N using a microplate spectrophotometer (Cary 50, 
Varian Inc., Walnut Creek, CA) as described by Chaney and Marbach (1962). 
Statistical Analysis 
For nutrient analyses data, R Statistical Software (R Core Team, 2015) was 
used for quantification of means and standard errors (SE). As described by Littell et 




MIXED procedures of SAS was used to analyze DMI, growth data, health scores, 
and metabolic profile parameters. Treatment, sex, wk and the interaction of these 
factors were included in the model. As covariate initial body size measurements and 
BW were used in the model for their respective parameters. Repeated measures by 
wk of the feeding period were done on intakes, BW, body measures, health scores, 
VFA, NH3-N, and metabolites using calf (block) as the subject. Akaike’s criterion 
was used to determine the most suitable covariance structure in repeated measures 
for each parameter. Covariance structures tested were compound symmetry, 
first-order autoregressive, Toeplitz, and unstructured. Compound symmetry was 
chosen as the covariance structure due to having the least absolute Akaike’s values. 
Least square means were compared using Tukey test and the slice option was used to 
determine the P-values for treatments during individual wk and stages. As there was 
limited treatment × sex interactions those results are not presented. To determine 
ADG for body weight and change per day for body frame measurements the 
difference was calculated between each data collection time point and the previous 
time point and then divided by the number of days in the time period [i.e. (wk 1-wk 
0)/7 d]. Gain to feed ratio was calculated as the ratio of ADG of body weight to total 




waste milk and calf starter pellets. 
  A MIXED procedure of SAS was used for analysis of data for apparent total 
tract digestibility of nutrients. In addition, the model included only treatment with 
block as a random variable. Least square means were compared using Tukey test. 
Significant differences among treatments were declared at P ≤ 0.05 and tendencies 
were declared at 0.05 < P ≤ 0.10. 
RESULTS AND DISCUSSION 
Nutrient Composition 
Table 6.2 and 6.3 shows the nutrient composition of feed ingredients that 
were used to make starter pellets and nutrient composition of starter pellets, 
respectively. Starter pellets CP content was 21.33% which was slightly greater than 
recommended 18 % CP in the commercially available starter (NRC, 2001). Akayezu 
et al. (1994) and Hill et al. (2007) observed there is no growth advantage when CP 
concentrations were increased above 22% in starter pellets. Soybean meal was the 
main source of protein in this starter pellets and it is the most commonly used 
protein source in calf starter pellets (Drackley, 2008). The concentration of calcium 
was not different to the recommendation of NRC (2001). Other mineral 




recommendation of NRC (2001). Nutrient composition of pasteurized waste milk 
and CWS are presented in Table 6.4. The TS, protein, fat and lactose % of 
pasteurized waste milk was in normal range compared to whole milk (Magalhaes et 
al., 2008). Greater amounts of lactose and prebiotic carbohydrates were observed in 
the CWS.  
Intake 
Average starter DMI, total DMI, CP, starch, NDF, ADF, and EE are presented 
in Table 6.5. Average starter DMI (Figure 6.1) and total DMI were greater in calves 
fed CWS compared to the CON. During pre-weaning period starter DMI was not 
different between treatments and total DMI tended (P = 0.07) to be increased in 
calves fed CWS. This could be attributed with prebiotic carbohydrates in the CWS. 
Early weaned pigs fed oligosaccharide supplemented feed increased starter intake 
when 0.5% of the diet contained oligosaccharide (Mathew et al., 1997). Greater (P < 
0.01) starter DMI and total DMI were observed in calves fed CWS when compared 
to CON fed calves during the post-weaning period. Starter DMI in both treatments 
was gradually increased throughout the study period. This is attributed to the growth 
of calves. Weekly DMI of calves is shown in Figure 6.1. Average total CP, starch, 




intakes were attributed to the DMI in each treatment. Greater consumption of 
nutrients, mainly CP and starch, improve rumen fermentation (Khan, et al., 2008).   
Body Weight, ADG, Gain: Feed, and Body Frame Growth 
Body weight, ADG, and gain: feed are presented in Table 6.6. Overall BW 
(Figure 6.2) and ADG were not different between treatments throughout the study 
period. Mean BW were 73.22 and 75.95 kg in calves fed CON and CWS, 
respectively. Average body weights at this age of calves are comparable to other 
research by ourresearch group (Senevirathne et al., 2016; Senevirathne et al., 2018). 
During wk 12 calves BW was greater (P = 0.05) in calves fed CWS. Average BW 
difference between treatments was 3.98 kg. Greater DMI during the post-weaning 
would be the main reason for BW gain. Overall gain: feed and pre-weaning gain: 
feed were not different between treatments with  strong treatment × wk 
interactions (P < 0.01). The gain: feed was greater (P = 0.05) calves fed CON during 
the post-weaning period. There is a strong relationship between gain: feed and 
nutrient utilization (Zhang et al., 2016; Fouladgar et al., 2016). However, nutrient 
utilization of this research was not affected by treatments. As a results gain: feed was 
not change between treatments. These gain: feed differences between pre- and 




pre-weaning and only starter pellets feeding at post-weaning. Body frame growth 
measurements and body condition score (Table 6.7) were not different between 
treatments.  
Metabolic Profile 
 Table 6.8 presents the overall mean plasma concentrations of glucose, BHB, 
and PUN. Overall concentration of serum plasma glucose was not different between 
treatments. During the pre-weaning serum glucose concentration was lesser (P < 
0.01) in calves fed CWS compared to CON and during post-weaning it was not 
different between treatments (Figure 6.3). When calves consumed CWS with milk 
most of the CWS by-pass the rumen and reaches the abomasum. During 
post-weaning the CWS were consumed with the starter pellets and subjected to 
fermentation in the rumen. Thus, this different feeding or sites of digestion may be 
the reason for difference serum glucose concentration in blood. In addition, 
Hostettler-Allen et al. (1994), and Hugi et al. (1997) observed in veal calves fed 
greater amount of lactose via milk replacer had hyperglycemia, hyperinsulinemia, 
and glucosuria. These prolong conditions could lead to glucose homeostasis and 
insulin sensitivity (Pantophlet et al., 2017). In contrast, in this research calves fed 




greater intakes of lactose than CON. A decrease in blood glucose concentrations was 
observed in calves fed both treatments as they grew older. This change could be 
attributed to the physiological shift in the primary energy metabolic source from 
glucose to VFA when rumen activates in young calves (Hammon et al., 2002). There 
were no treatment effects for PUN concentration. The PUN concentration has a 
positive correlation with consumption of CP (Khan et al., 2007). Whereas greater 
amount of CP intake in calves fed CWS was not enough to make difference between 
treatments. Average plasma concentrations of BHB were greater (P = 0.03) in calves 
fed CWS (Figure 6.4). We speculate that this was because of calves fed CWS may 
have increased rumen fermentation. During this stage of life, the BHB is coming 
from the rumen fermentation and not mobilization of fat (Khan et al., 2006). Every 
week measured plasma concentrations of BHB was linearly associated with the 
starter, CP and starch intake this attributes with fermentation of the substrate in the 
rumen by microbes. 
Rumen Fermentation Characteristics 
Rumen pH, NH3-N, and VFA concentrations in rumen fluid are shown in 
Table 6.9. Rumen NH3-N, VFA concentrations were not different between CON vs 




Mathew et al. (1997) reported no effect of oligosaccharides on an ileal concentration 
of VFA in pigs that were weaned early. Rumen pH was not different between 
treatments but had strong week effect (P = 0.01) and pH was similar compared to 
other research that fed calves starter pellets (Suarez et al., 2007).   
Health Parameters of Calves  
Fecal score, body temperature, and respiratory score are presented in Table 
6.10. Overall fecal score was not different between treatments with strong treatment 
× wk interaction (P < 0.01). During post weaning fecal scores were less (P < 0.01) 
in calves fed CWS (Figure 6.5). This could be attributed with prebiotic 
carbohydrates contained in CWS, because oligosaccharides have been used for 
manipulation of the bacterial flora in the intestine (Quigley et al., 1997). Prebiotics 
reduce the adhesion of certain pathogenic bacteria to the intestinal epithelium such 
as Escherichia coli and salmonella sp (Martin, 1994; Newman, 1994). In addition, 
prebiotics such as oligosaccharides increase the growth of beneficial bacteria in the 
intestine such as lactobacilli and bifidobacteria (Martin, 1994). Van loo et al. (1999) 
observed fructo-oligosaccharide inclusion in human diets appears to result in fecal 
bulking and selective stimulation of bifidobacteria growth in the colon.  




treatments. This is attributed to the overall good health of the calves during the study 
related to sanitary management and housing conditions of the calves. Overall 
respiratory score was in normal range and this is closely associated with body 
temperature and health of the calves.     
Apparent Total Tract Digestion of Nutrients 
Apparent total tract digestion of nutrients is presented in Table 6.11. The 
apparent total tract digestibility of DM, CP, and ADF were not different between 
treatments. Results showed that apparent total tract digestibility of NDF tended (P = 
0.10) to be greater in calves fed CON diet. In contrast, Mathew et al. (1997) 
observed no improvement of nutrient digestibility when oligosaccharides were fed to 
early weaned pigs. Overall apparent total tract digestibility of nutrients was not 
different to other research that fed calves similar starter pellets compared to CON 
(Senevirathne et al., 2016).  
CONCLUSIONS 
Holstein dairy calves fed CWS starter pellets with pasteurized waste milk 
showed increased BW gain during the post-weaning period. Growth performance 
including ADG and frame growth was not different between treatments. Similar 




vs CWS. Starter DMI and total DMI were greater in calves fed CWS during 
post-weaning. Apparent total tract digestibility of DM, CP, and ADF were not 
different between in calves fed CON and CWS. Neutral detergent fiber showed a 
tendency to be greater in calves fed CON diet. Less serum concentrations of glucose 
were observed during pre-weaning in calves fed CWS. Plasma concentrations of 
BHB were greater in calves fed CWS and every week measured concentration was 
linearly increased throughout the study in both treatments. Treatments had similar 
PUN concentrations. Overall health scores were not different between treatments. 
Average fecal scores were firm in both treatments. Lesser fecal scores were 
observed in calves fed CWS starter pellets than in calves fed CON starter pellets 
during the post-weaning period. This may be attributed with prebiotic compounds 
such as galacto-oligosaccharides in the top-dressed CWS starter pellets. Respiratory 
scores were not different in treatments. Lower body temperatures were observed in 
calves fed CWS during the post-weaning period, while having normal body 
temperature throughout the research period in both treatments. Results demonstrated 
that supplementing CWS with starter pellet has potential to improve BW, starter 
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Table 6. 1. Ingredient composition for a calf starter pellets  
Ingredients, % DM Starter pellets 
Corn, ground 35.0 
Soybean meal  23.0 
Wheat middlings 35.0 




Salt  0.3 
1
48.2% dicalcium phosphate; 13.7% salt; 28.37% limestone; 3% selenium (0.06%); 
5% ruminant trace mineral mix (2.59 % calcium; 10.64 % magnesium oxide; 1,802 
mg/kg cobalt carbonate; 25,022 mg/kg copper sulfate; 340 mg/kg iodine; 100,715 
mg/kg iron sulfate; 49,906 mg/kg manganese sulfate; 49,900 mg/kg zinc sulfate; 
1.0% mineral oil; rice hulls as carrier); 1.2% liquid molasses; 0.44% vitamin A; 





Table 6. 2. Nutrient composition of corn grain, wheat middlings and soybean meal 
(SBM) used to make calf starter pellets 
Item, % DM Corn Wheat Middlings SBM 
 Mean SE Mean SE Mean SE 
DM 85.81 0.38 87.67 0.01 87.74 0.77 
Ash 1.10 0.12 5.54 0.06 6.51 0.06 
OM 98.90 0.12 94.46 0.06 93.49 0.06 
CP 8.39 - 18.34 - 50.07 - 
NDF 10.91 1.52 38.27 0.84 12.18 0.68 
ADF  2.89 0.47 12.33 0.17 7.05 0.06 
EE 3.44 0.44 4.16 0.03 1.29 0.09 
NFC
1
 76.17 1.60 33.69 0.82 29.95 0.83 
Starch 71.79 - 21.38 - 1.74 - 
1






Table 6. 3. Nutrient composition of calf starter pellets  
Item
1
 Mean   SE  
DM
2
 88.03 0.33 
Ash
2
 7.24 0.15 
OM
2
 92.76 0.15 
CP
2
 21.33 0.27 
EE
2
 3.17 0.11 
NDF
2
 22.58 1.04 
ADF
2
 9.46 0.63 
NFC
2,3
 45.68 0.90 
Starch
4
 29.84 0.72 
Ca
4
 1.03 0.05 
P
4
 0.94 0.02 
Mg
4
 0.35 0.01 
K
4
 1.33 0.01 
S
4
 0.23 0.00 
Na
4
 0.28 0.02 
Mn
4
, mg/kg 106.20 2.92 
Zn
4
, mg/kg 117.80 5.28 
Cu
4
, mg/kg 30.80 2.31 
Fe
4
, mg/kg 296.60 5.50 
1
 % of DM unless otherwise indicated. 
2 
Analysis performed on monthly composites (n= 4). 
3
 NFC =100 - (% Ash + % CP + % NDF + % EE) (NRC, 2001). 
4 





Table 6. 4. Nutrient composition of pasteurized waste milk and condensed whey 





Pasteurized waste milk CWS 
Mean SE Mean SE 
DM 12.22 0.19 54.74 0.65 
Fat  3.36 0.16 - - 
True protein 3.09 0.10 - - 
Total protein 3.27 0.11 1.85 0.06 
CP - - 1.85 0.20 
Lactose 4.83 0.05 25.46 0.07 
Solid not fat
2
 8.82 0.09 - - 
Prebiotics - - 15.62 0.32 
Glucose - - 7.24 0. 17 
Galactose - - 2.48 0.25 
Ash 0.74 0.14 4.95 0.15 
1
milk samples were collected weekly during the study (n=50).  
2








Table 6. 5. Nutrient intakes for Holstein calves fed the control diet (CON) or 
supplemented with condensed whey solubles (CWS) 





CON CWS Trt wk Trt × 
wk 




 g/d         
Mean  1087.99 1139.44 44.42 <0.01 <0.01 0.22 <0.01 0.21 
Pre-weaning,  161.69 194.00 24.65 0.34     
Post-weaning,  2192.24 2285.38 24.96 <0.01     
Total DMI, g/d 
Mean  1500.71 1580.57 45.77 
 





Pre-weaning 810.91 872.04 25.04 0.07     
Post-weaning 2192.24 2307.27 24.63 <0.01     
Total CP Intake, g/d         
Mean 401.95 419.56 12.60 <0.01 <0.01 0.02 <0.01 0.07 
Pre-weaning 223.77 233.66 6.76 0.29     
Post-weaning 615.56 649.35 6.85 <0.01     
Total Starch Intake, g/d         
Mean 406.89 413.07 16.72 <0.01 <0.01 0.05 <0.01 0.08 
Pre-weaning 60.46 73.39 9.26 0.29     
Post-weaning 819.86 864.56 9.38 <0.01     
Total NDF Intake, g/d         
Mean 304.49 317.19 17.18 0.61 <0.01 0.03 <0.01 0.08 
Pre-weaning 45.39 55.09 6.95 0.31     
Post-weaning 615.44 649.00 7.04 <0.01     
Total ADF Intake, g/d         
Mean 126.56 134.06 5.20 <0.01 <0.01 0.05 <0.01 0.08 
Pre-weaning 18.80 22.82 2.88 0.31     
Post-weaning 254.97 268.87 2.91 <0.01     
Total EE Intake, g/d         
Mean  157.22 163.52 1.99 <0.01 <0.01 <0.01 <0.01 <0.01 
Pre-weaning 213.15 215.54 1.56 0.27     
Post-weaning 91.94 105.63 1.58 <0.01     
1
P values for effects of treatment (Trt), week (wk) and the treatment × week interaction (Trt × wk) 
and stage (pre-weaning vs post-weaning) the treatment × stage interaction (Trt × Stage). 
2





Table 6. 6. Body weight, average daily gain and gain:feed for Holstein calves fed 
control diets (CON) or supplemented with condensed whey solubless (CWS) 









BW, Kg         
Mean  73.22 75.95 1.21 0.13 <0.01 0.22 <0.01 0.40 
Wk 0 40.91 41.85 2.00 0.74     
Wk 6 68.70 71.26 1.48 0.45     
Wk 12 109.29 113.27 1.48 0.05     
ADG, Kg/d         
Mean 0.81 0.86 0.03 0.27 <0.01 0.83 0.30 0.83 
Pre-weaning 0.66 0.70 0.04 0.38     
Post-weaning 0.97 1.00 0.04 0.56     
Gain:Feed         
Mean 0.55 0.53 0.02 0.15 <0.01 <0.01 <0.01 0.16 
Pre-weaning 0.84 0.84 0.01 0.97     
Post-weaning 0.25 0.22 0.01 0.05     
1
P values for effects of treatment (Trt), week (wk) and the treatment × week 
interaction (Trt × wk) and stage (pre-weaning vs post-weaning) the treatment × 





Table 6. 7. Frame growth measurements and body condition scores for Holstein 









CON CWS Trt wk Trt × 
wk 
Stage Trt × 
stage 
Wither Height, cm         
Means 87.82 88.69 0.46 0.19 <0.01 0.81 <0.01 0.95 
Wk 0 77.47 76.31 0.95 0.52     
Wk 6
2
 88.09 88.71 0.59 0.30     
Wk 12 97.48 98.70 0.99 0.75     
Change, cm/d 0.24 0.26 0.01 0.11 <0.01 0.66   
Heart Girth, cm         
Means 93.14 94.24 0.70 0.27 <0.01 0.19 <0.01 0.42 
Wk 0 76.75 76.36 1.16 0.81     
Wk 6
2
 92.34 93.81 1.19 0.92     
Wk 12 107.37 109.15 1.19 0.29     
Change, cm/d 0.37 0.38 0.01 0.14 <0.01 0.27   
Paunch Girth, cm         
Means  101.03 101.48 0.96 0.76 <0.01 0.82 <0.01 0.41 
Wk 0 76.08 76.90 1.15 0.61     
Wk 6
2
 97.63 99.19 1.31 0.98     
Wk 12 125.68 125.56 1.31 0.57     
Change, cm/d 0.58 0.58 0.02 0.88 0.11 0.93   
Body Length, cm         
Means  72.96 73.69 0.55 0.36 <0.01 0.32 <0.01 0.16 
Wk 0 60.83 62.00 0.88 0.35     
Wk 6
2
 72.04 72.77 0.73 0.47     
Wk 12 83.46 84.87 0.73 0.17     
Change, cm/d 0.26 0.27 0.01 0.56 0.02 0.83   
Hip Width, cm         
Means  20.14 20.38  0.21 0.42 <0.01 0.84 <0.01 0.96 
Wk 0 15.81 15.70 0.34 0.80     
Wk 6
2
 19.84 19.93 0.26 0.82     
Wk 12 24.45 24.24 0.26 0.58     





        
Means 2.46 2.53 0.03 0.19 <0.01 0.26 <0.01 0.28 
Wk 0 1.81 1.90 0.04 0.17     
Wk 6
2
 2.36 2.47 0.04 0.11     
Wk 12 2.90 2.98 0.04 0.29     
1
 P values for effects of treatment (Trt), week (wk), treatment × week interaction (Trt × wk), stage 
(pre-weaning vs. post-weaning) and the treatment × stage interaction (Trt × Stage). 
2
Calves were weaned off pasteurized milk at the end of wk 6.  
3




Table 6. 8. Blood metabolite concentrations for Holstein calves fed starter pellets 








CON CWS Trt wk Trt ×  
wk 




, mg/dL         
Mean  97.80 94.79 1.55 0.17 <0.01 0.03 <0.01 0.05 
Pre-weaning 108.47 104.42 1.19 <0.01     
Post-weaning 80.98 81.95 1.38 0.54     
BHB
3
, mg/dL         
Mean 34.37 36.07 1.03 0.03 <0.01 0.40 <0.01 0.39 
Pre-weaning 19.29 20.30 0.91 0.55     
Post-weaning 49.39 51.33 0.90 0.55     
PUN
4
,mg/dL         
Mean 12.49 12.41 0.43 0.89 <0.01 0.11 <0.01 0.61 
Pre-weaning 10.28 10.09 0.25 0.54     
Post-weaning 15.08 15.12 0.23 0.90     
1
 P value for effects of treatment (Trt), week (wk), treatment × week interaction (Trt 
× wk), stage (pre-weaning vs. post-weaning) and the treatment × stage interaction 
(Trt × Stage). 
2
Serum concentrations of glucose.  
3
Plasma concentrations of β-hydroxybutyrate. 
4






Table 6. 9. Rumen fermentation characteristics of Holstein calves fed starter pellets 








CON CWS Trt wk Trt × wk 
Rumen, pH 5.61 5.69 0.08 0.49 0.01 0.58 
Ammonia-N, mg/dL 18.64 17.53 1.16 0.57 0.64 0.34 
Total VFA, mM 84.82 81.25 10.88 0.81 0.53 0.85 
Acetate, mMol/100mMol 34.75 33.63 4.86 0.86 0.44 0.87 
VFA, mMol/100mMol       
Propionate 38.84 36.06 5.03 0.69 0.48 0.86 
Butyrate 7.00 8.04 1.05 0.47 0.89 0.68 
Isovalerate 0.80 0.69 0.10 0.43 0.19 0.45 
Valerate 3.44 2.84 0.79 0.59 0.77 0.99 






Table 6. 10. Fecal scores, temperature and respiratory scores for Holstein calves fed 
control diets (CON) or supplemented with condensed whey solubles (CWS)   





Item CON CWS Trt wk Trt × 
wk 




         
Mean 0.65 0.54 0.07 0.31 <0.01 <0.01 <0.01 0.02 
Pre-weaning 0.81 0.77 0.02 0.37     
Post-weaning 0.45 0.28 0.03 <0.01     
Temperature, ℃         
Mean 39.68 39.62 0.04 0.34 <0.01 0.06 <0.01 0.24 
Pre-weaning 39.54 39.52 0.02 0.37     





        
Mean 2.94 2.85 0.07 0.43 <0.01 0.15 <0.01 0.97 
Pre-weaning 2.73 2.65 0.03 0.14     
Post-weaning 3.18 3.10 0.03 0.13     
1
 P values for effects of treatment (Trt), week (wk), treatment × week interaction 
(Trt × wk), stage (pre-weaning vs. post-weaning) and the treatment × stage 
interaction (Trt × Stage).
 
2
Scale of 0 to 3 with 0 being firm (Nomal) and 3 being watery. 
3










Scale of 0 to 3 with 0 being 37.77℃ -38.27℃ and 3 being ≥ 39.44℃. 
5
Scale of 0 to 3 with 0 being normal serous discharge  and 3 being copious bilateral 
mucopurulent discharge. 
6
Scale of 0 to 3 with 0 being normal and 3 being heavy ocular discharge. 
7




Table 6. 11. Week 12 apparent total tract digestibility of nutrients for Holstein calves 








Trt CON CWS 
DM 95.73 94.77 0.55 0.21 
CP 79.37 75.93 2.72 0.30 
NDF 57.58 48.85 5.05 0.10 
ADF 52.14 43.90 4.72 0.17 
1





Figure 6. 1. Weekly averages of starter dry matter intake (DMI) for Holstein calves 




























Trt: < 0.01 
wk: < 0.01 
Trt×wk: = 0.22 
Trt×stage: = 0.21 







Figure 6. 2. Weekly averages of BW for Holstein calves fed the control diet (CON) 





















Trt: = 0.13 
wk: < 0.01 
Trt×wk: = 0.22 






Figure 6. 3. Weekly averages plasma glucose concentration for Holstein calves fed 



























Trt: = 0.16 
wk: < 0.01 
Trt×wk: < 0.20 
Trt×stage: = 0.03 




Figure 6. 4. Weekly averages plasma beta hydroxy butyrate for Holstein calves fed 

























Trt: = 0.03 
wk: < 0.01 
Trt×wk: = 0.48 
Trt×stage: = 0.39 




Figure 6. 5. Weekly averages fecal score for Holstein calves fed the control diet 

























Trt: = 0.31 
wk: < 0.01 
Trt×wk: < 0.01 
Trt×stage: < 0.01 





CHAPTER 7. LARGE SCALE EVALUATION OF GROWTH 
PERFORMANCE AND HEALTH OF DAIRY CALVES SUPPLEMENTED 
WITH CONDENSED WHEY SOLUBLES ON A COMMERCIAL DAIRY 
CALF RANCH 
ABSTRACT 
 The objective of this study was to determine the effects on supplementation 
of condensed whey solubles (CWS; 14.57% prebiotics, 24.94% lactose) on growth 
performance and health of dairy calves when fed with starter grain mix at a large 
scale commercial dairy farm. At two days of age, 516 calves (350 Crosses, 124 
Jersey, 42 Holstein) were enrolled on the 12-wk study and put in individual hutches 
in a completely randomize design. Treatments were 1) control (CON) with no 
supplements, 2) 42g/d of supplementation (CWSL), and 3) 84 g/d supplementation 
(CWSH). During first 2 wk CWS was fed with milk replacer (MR) and then for the 
remainder of the study CWS was mixed with starter grain mix. Calves were fed MR 
twice daily at a rate of 1.89 L for 2wk and 2.84 L from 2 to 8.5 wk and 1.89 L from 
wk 8.5 to 11. Calves were weaned at 11 wk. Starter grain mix and water were fed ad 
libitum. Individual intakes of milk and starter pellets were measured daily. Fecal 




Body weights (BW), and frame growth were taken 1 d at wk 0, 8, and 12. Jugular 
blood samples collected in wk 0, 8 and 12 at 3 h after morning feeding on a subset 
of 50 calves per treatment. Data were analyzed using MIXED procedures of SAS 
9.4 with repeated measures. Significant differences were declared at P < 0.05 and 
tendencies were 0.05 ≤ P < 0.10. Starter DMI was tended to be greater in calves fed 
CWSL compared to CON and CWSH treatments. Milk replacer DMI were greater in 
calves fed CON. Total DMI was tended to be greatest in CON. The CP and EE 
intakes were greater in calves fed CON than CWSL and CWSH. Starch intakes were 
greater in calves fed CWSL than CON and CWSH. Sugar intakes were greater in 
calves fed CWSL and CWSH compared to CON. Mean BW and ADG were greater 
in calves fed CWSL compared to CON and CWSH. Calf body condition scores were 
greater in CWSL compared to CWSH and CON treatments. Glucose concentrations 
were greater in CON than CWSL and CWSH. Plasma concentrations of BHB were 
greater in calves fed CWSL compared to CON and CWSH. The gain: feed, withers 
height, hip width, fecal scores and PUN concentrations were not different among the 
treatments. Supplementing CWS improved starter intake, BW, BHB, fecal scores, 
general health and maintained frame growth.    





During the first month of life, dairy calves have been found to have reduced 
average daily body weight (Virtal et al., 1996; Davis and Drackley, 1998), increased 
mortality rates (Kaneene and Hurd, 1990; Svensson et al., 2006a) and increased risk 
of disease which can impact their performance later in life (Svensson et al., 2006b). 
In order to prevent health problems at early stages of growth, antibiotics are being 
used with milk replacers or calf starter (Heinrichs et al., 2003) throughout the pre 
and post-weaning period. Prolonged use of antibiotics may cause antibiotic 
resistance for human pathogens (Fey et al., 2000). Alternative to antibiotics 
including plasma proteins (Morrill et al., 1995; Quigley and Drew, 2000), probiotic 
bacteria (Jenny et al., 1991), yeast cultures (Seymour et al., 1995), and 
oligosaccharides as prebiotics (Kaufhold et al., 2000; Donovan et al., 2002; Quigley 
et al., 2002) are used in the dairy sector. Oligosaccharides are indigestible dietary 
ingredients that provide health benefits to the animal by modulating gut microbiome 
(Gibson et al., 2010; Barile and Rastall, 2013; Rastall and Gibson, 2015; Quigley et 
al., 1997). Oligosaccharides reduce the adhesion of certain bacteria species to the 
intestinal epithelium (Martin, 1994; Newman, 1994) and improve the beneficial 




A new proprietary product, Condensed Whey Solubles (CWS), containing 
has been developed by the Idaho Milk Products, ID. . In a previous smaller research 
project (Chapter 6) calves were fed CWS with pasteurized milk during the 
pre-weaning and then the CWS was top-dressed on the starter pellets during 
post-weaning. Supplementing CWS increased in DMI during the post-weaning 
period and had a corresponding tendency for increased weight gain. Plasma 
concentrations of β - hydroxy butyrate (BHB) were greater in calves fed CWS 
compared to control. In addition BW and NDF apparent total tract digestibility 
tended to be greater in calves fed CWS during the post-weaning (Chapter 6). 
Encouraging early intakes of DM leads to early weaning and improved calf 
performance and health. In addition intake of dry feed provides more carbohydrates 
which ferment into the volatile fatty acids (VFA) mainly acetate, propionate and 
butyrate. Butyrate absorbs from the rumen through ruminal epithelium and oxidized 
in to BHB (Baldwin et al., 2004; Khan et al., 2016). Increased production of BHB in 
early stage of life can be used as an indicator of rumen development (Hill et al., 
2006; Quigley et al., 1991). Therefore, we hypothesized that CWS mixed on calf 
starter grain mix at earlier in the feeding period compared to our first study (Chapter 




study, we only had 12 Holstein calves per treatment. It is necessary to see if our 
findings including the incidence of diarrhea, pneumonia and other health issues can 
be recreated in a large scale commercial setting with other common breeds including 
Jerseys and F1 of Holstein-Jersey Crosses. Thus, the main objectives of this study 
are to determine the effects of supplementation of CWS on starter grain mix intake, 
growth performance and health of dairy calves when CWS was fed with milk 
replacer during first 2 wk and then with starter grain mix on a large scale 
commercial dairy farm. 
MATERIAL AND METHODS 
Experimental Design 
The research was conducted on a commercial farm (Goodings Heifer Ranch, 
Goodings, ID) with 516 newborn female calves including Crosses (350; F1 of 
Holstein and Jersey), Jersey (124) and Holstein (42). This experiment was conducted 
from March 2018 to June 2018. All calves were housed in individual wooden 
hutches for the 12-wk feeding period. Calf hutches length, width, and height were 
244, 122 and 115 cm respectively. The hutches were lined in 6 rows including 86 
hutches per line. Calves hutches were bedded every day using the wheat straw by a 




transported from the nearby calving or dry-cow facility to the calf ranch with 6 h of 
being born. Calves were fed 3.79 L of first colostrum immediately at birth, and a 
second feeding (2.84 L) was given approximately 6 h after first feeding. Calves were 
trained to consume milk replacer (MR) from the bottle after the second colostrum 
feeding. Calves were added to the one of 3 treatments based on birth date. Three 
treatment diets were 1) control (CON) with no supplements, 2) 42g/d of 
supplementation (CWSL), and 3) 84 g/d supplementation (CWSH). Other then 
addition of the CWS the feeding procedures and amounts were given according to 
feeding protocols already established by the farm. All three treatment groups of 
calves were fed 1.89 L of milk replacer (MR) twice daily (at 0600 and 1200 h) 
during the first 2 wks. During wk 2 to 8.5 calves were fed 2.84 L of MR twice daily 
then wk 8.5 to 11 calves had 1.89 L of MR twice daily. During wk 11 calves were 
weaned. Respective amounts of CWS were added to the MR in each treatment 
during wk 1 to 2 and then CWS was mixed to starter grain mix from wk 3 to 12. The 
required amount of starter grain mixes were mixed every day for three treatments 
using heavy duty cement or animal feed grain mixer. Table 7.1 presents ingredient 
composition for starter grain mix. The ingredients of starter grain mix were common 




treatment diets. Amount of CWS was calculated according to the grain starter intake 
every week. Calf MR and starter grain mix intake were measured daily. Calves had 
access to the water and starter grain mix ad libitum from the second day of life to 12 
wk of age. Daily health parameters including cough, ocular and nasal discharge and 
fecal consistency were observed after evening feeding by one trained individual for 
a subset of 50 calves per treatments. Fecal consistency scores were on scale of 0 to 3 
with 0 = firm and 3 = watery (McGuirk, 2005). A diarrhea day was considered if 
fecal consistency ≥ 2. Daily health incidences and use of antibiotics were recorded 
for all calves to determine the percentage of health incidence. Electrolytes were fed 
twice a day at a rate of 1.89 L when calves were visibly dehydrated or when calves 
had fecal score ≥ 2. Antibiotics were administrated when calves had fecal score ≥ 2 
over 3 d or when calves had fever condition (rectal temperature ≥ 39℃). Also 
calves were given antibiotics for 3 d when they showed pneumonia symptoms which 
are continuous cough, nasal discharge and rectal temperature was ≥ 39℃. Calves 
were dehorned at 4 wk of age using hot iron dehorner (model 55A; L & H Branding 
Iron, Mandan, ND). Calves had an Aspirin bolus (Acetylsalicylic Acid 15g/ bolus) 




Measurements and Sample Collection  
 Milk replacer, individual feed ingredients, and starter grain mix samples 
were collected weekly and kept frozen at -20℃ for subsequent analyses. Equal 
portions from four consecutive wk were composited to make monthly composites 
for nutrient analyses.  
Calves were weighed at wk 0, 8 and 12. At the same time frame growth 
including hip width and wither height were measured. Calf body condition score 
(BCS) on a scale of 1 to 5, with 1 being emaciated and 5 being obese (Wildman et 
al., 1982) was observed by trained one individual on the same time with the growth 
measurements.  
During week 0, 8 and 12 blood samples were taken from only 50 calves per 
treatment for metabolite analysis. Blood samples were collected approximately 3-4 h 
post-feeding via venipuncture of the jugular vein into vacutainer tubes (Becton, 
Dickinson, and Company, Franklin Lakes, NJ) containing potassium ethylene 
diamine tetra-acetic acid (K2EDTA) for glucose, β-hydroxybutyrate (BHB), and 
plasma urea nitrogen (PUN) analysis. Following blood collection, samples were 
immediately placed on ice and then brought within 3 h to the laboratory for 




(E33-1; Ample Scientific L.L.C, Norcross, GA). Plasma or serum was transferred 
into polystyrene storage tubes and frozen at -20℃ until further analysis. 
Laboratory Analysis 
 Individual feed ingredient samples and starter grain mix composite samples 
were dried in duplicate for 48 h at 55℃ in a Dispatch oven (Style V-23, Dispatch 
Oven Co., Minneapolis, MN). Dried samples were ground to 2 mm particle size 
using a Wiley Mill (model 3; Arthur H. Thomas Co., Philadelphia, PA), then samples 
further ground to 1 mm particle size using ultracentrifuge mill (Brinkman 
Instruments Co., Westbury, NY). To correct analyze to 100% DM, 1 g aliquots of 
samples were dried for 3 h in a 105℃ oven (Precision Scientific Co., Chicago, IL: 
Model 28). Four-month composites of starter grain mix and individual feed 
ingredients were sent to a commercial laboratory (Dairy land Laboratories Inc., 
Arcadia, WI). Starter grain mix and individual feed ingredients were analyzed for 
DM, CP, Ash, NDF, EE, Starch, Ca, P, K, Mg and S. Starter grain mix samples were 
analyzed for nitrogen content by combustion method (AOAC International, 2002; 
method 990.03). Ash content of the samples was analyzed as described by AOAC 
International 1996 (method 945.05). Amylase treated neutral detergent fiber was 




were analyzed for ether extract (EE) content using diethyl ether (AOAC 
International, 2002; method 920.39) in Foss Soxtec 2047 fat analysis system (Foss, 
Denmark.). Mineral content, excluding chloride, was determined using inductively 
coupled plasma spectroscopy (AOAC International, 1995). Chloride content was 
determined using a direct reading chloride analyzer (Corning 926, Corning Inc., 
Corning, NY). Starch was analyzed using a modified procedure analyzing glucose 
using YSI Biochemistry Analyzer (YSI Inc., Yellow Springs, OH; Bach Knudsen, 
1997). The Sugar content of the feed was analyzed using neutral detergent-soluble 
carbohydrates nutritional relevance and analysis method as described by Hall (2000) 
in his lab manual. Milk replacer samples were analyzed for nitrogen by Kjeldahl 
method (AOAC International, 2000; method 991.20; 33.2.11). To find CP 
concentration, milk samples nitrogen content was multiplied by 6.38. To find Milk 
replacer DM, 1 g aliquots of samples were dried for 3 h in a 105℃ oven. Ash 
content was analyzed by incinerating a 1 g samples for 8 h at 450℃ in a muffle 
furnace (AOAC International, 2002; method 942.05). Organic matter was calculated 
as OM= (100 - % Ash). Milk replacer fat content was analyzed using Mojonnier 
methods (AOAC International, 2000; method 989.05; 33.2.26). Milk replacer 





 Blood metabolites including glucose, BHB, and PUN were analyzed with 
commercially available enzymatic or colorimetric assay kits on a microplate 
spectrophotometer (Cary 50, Varian Inc., Walnut Creek, CA.). Plasma glucose was 
analyzed by glucose oxidase as described by Trinder (1969; Pointe scientific Inc., 
Canton, MI). The concentration of BHB was analyzed by β-hydroxybutyrate 
dehydrogenase and diaphorase according to the method described by Williamson et 
al. (1962; Pointe Scientific Inc., Canton, MI). Diacteyl monoxime was used to 
analyze PUN (Procedure 0580; Stanbio Laboratory, Boerne, TX). 
Statistical Analysis 
 R Statistical Software (R Core Team, 2015) was used for quantification of 
means and standard errors (SE) for nutrient analyses data. As described by Littell et 
al. (2006), randomized complete block design with repeated measures using the 
MIXED procedures of SAS was used to analyze DMI, growth data, health scores, 
and metabolic profile parameters. Treatment, breed, wk and the interaction of these 
factors were included in the model. As covariate, initial body size measurements and 
BW were used in the model for their respective parameters. Repeated measures by 




and metabolites using calf (block) as the subject. Akaike’s criterion was used to 
determine the most suitable covariance structure in repeated measures for each 
parameter. Covariance structures tested were compound symmetry, first-order 
autoregressive, Toeplitz, and unstructured. Compound symmetry was chosen as the 
covariance structure due to having the least absolute Akaike’s values. Least square 
means were compared using Tukey test and the slice option was used to determine 
the P-values for treatments during individual weeks and stages. To determine ADG 
for body weight and change per day for body frame measurements the difference 
was calculated between each data collection time point and the previous time point 
and then divided by the number of days in the time period. Gain to feed ratio was 
calculated as the ratio of ADG of body weight to total dry matter intake for each 
treatment, which includes dry matter intake of MR and calf starter pellets. 
Percentage of diarrhea day and health incidences were determined using PROC 
FREQ procedure in SAS 9.4 and significant difference of treatments were analyzed 
by Chi-squares test. Significant differeces among treatments were declared at P ≤ 




RESULTS AND DISCUSSION 
Nutrient Composition 
 Table 7.2 presents the nutrient composition of feed ingredients that used to 
make starter grain mix. The cracked corn and soybean meal were used as a starch 
and protein sources, respectively. Cracked corn and soybean meal are commonly 
used for the commercial calf starter grain mix (Drackley, 2008). Beet pulp is a 
highly digestible fiber source. The nutrient composition of CON, CWSL and CWSH 
starter grain mixes are presented in Table 7.3. Diets were formulated to obtain 
similar CP, EE and starch content. Actual CP, EE and starch content was slightly 
greater in CON diet compared to CWS supplemented diets. However, this was not 
anticipated based on individual feed nutrient composition. According to the NRC 
(2001) commercially available calf starters are recommended to contain 18% CP. All 
the three diets had CP that was above the recommendation, but EE was below the 
recommendation. The DM was greater in CON diet compared to CWSL or CWSH. 
This is associated with CWS supplementation. The sugar content was greater in both 
CWSL and CWSH compared to CON diet. This is attributed with the extra sugar 
content of the CWS supplements. The Ca in all three diets was slightly less 




calves fed MR which has greater fat content. Most of commercial MR contains fat 
18-22% (NRC, 2001). Greater inclusion of fat in MR results showed loss of Ca in 
feces due to soap formation between Ca and short chain fatty acid (Toullec et al., 
1980). The P, Mg, K, S, Na and Cl were not different to NRC (2001) 
recommendations. Nutrient composition of MR and CWS are presented in Table 7.4. 
The CP and fat contents were 26 and 24% on the commercial label. However, actual 
CP content was slightly lower and fat content was slightly greater than expected. 
The digestible sugar including lactose, glucose and galactose contents were 35.55% 
while indigestible prebiotics were  14.57%.  
Intakes 
 Table 7.5 presents overall treatment means and means for the crosses, Jerseys 
and Holsteins for starter DM, MR, Total DM, CP, EE, starch, NDF, and sugar 
intakes. Figure 7.1 and 7.2 shows mean total DMI and sugar intakes by wk of the 
study. Average starter DMI tended (P = 0.09) to be greater with an interaction of 
treatment and wk (P < 0.01) in calves fed CWSL compared to CON and CWSH 
treatment. This could be attributed with better rumen development and its 
fermentation in calves fed CWSL (Leeuwen and Verdonk, 2005). Calves fed 




yeast cell wall, supplemented diet showed greater DMI compared to antibiotic 
supplemented diet and control diet (Heinrich et al., 2003; Donovan et al., 2002). 
Gibson and Wang, 1994 reported that calves fed enzymatically fermented whey 
permeates with MR improve gut microbial community such as Bifidobacteria and 
Lactobacillus spp and intestinal health. This could be associated for increase DMI in 
calves fed CWSL treatment. Abe et al. (1995) reported that when calves were fed 
Bifidobacteria culture it increased BW and fecal scores. However, in contrast, 
Houdijk et al. (1998) found a lesser DMI in 9 wk old piglets receiving 2% GOS 
compared to a control diet. When compared by breed, Jersey and Holstein breeds 
had greater starter intake in calves fed CWSL, but the Crossbreeds showed greater 
starter DMI in calves fed CON. Starter DMI in all treatments was gradually 
increased throughout the study period as calves grew. Milk replacer DMI was 
greater (P < 0.01) in calves fed CON treatment compared to other treatments. This 
was attributed with farm feeding and weaning protocol. Milk feeding protocol was 
changed in farm due to weaning procedure, because according to the availability of 
hutches and rate of new born calves weaning was changed. Average CP intake was 
greater (P < 0.01) in calves fed CON and CWSL compared to CWSH treatment. The 




greater consumption of MR in CON treatment. Greater CP intake was observed in 
calves fed CWSL. This was attributed with the greater starter intake in calves fed 
CWSL. Intake of EE was greater (P < 0.01) in calves fed CON compared to both 
CWSL and CWSH treatments. This is attributed with the greater consumption of 
MR in calves fed CON treatment. The NDF intake was greater in calves fed CON 
and CWSL compared to CWSH treatment. Sugar intake was greater (P < 0.01) in 
calves fed in CWSL and CWSH compared to CON treatment. This was associated 
with the sugar content in CWS supplement. 
Growth Performance 
 Body weight, ADG and gain: feed are presented in Table 7.6. Overall BW 
and ADG was greater (P < 0.01) in calves fed CWSL compared to CON and CWSH. 
This is attributed to the greater starter intake in calves fed CWSL. In addition 
prebiotic effects of the CWS supplements potentially contributed to improved BW, 
ADG, and gain: feed. Van Leeuwen and Verdonk, (2005) reported when veal calves 
were fed prebiotic fructo-oligosaccharide (FOS) improved ADG and gain: feed. In a 
short study, calves fed prebiotic galactosyl-lactose with MR increased ADG and had 
a tendency for improve feed efficiency (Quigley et al., 1997). Broiler chickens fed 




Van Leeuwen et al., 2005). The difference of BW in calves fed CWSL and CON was 
4.66 kg by wk 12. Calves fed CWSL had 5.78 kg difference compared to calves fed 
CWSH treatment. Body weight was increased gradually throughout the 12 wk 
period. Increase BW with age is associated with the greater DMI and growth of the 
calves. Overall ADG was greater (P < 0.01) in calves fed CWSL compared to other 
two treatments during the 12 wk period. The least ADG was found in calves fed 
CWSH treatment. This is attributed with the lesser starter intake and potential 
overload of starch and sugar intake. Gain: feed was not different among the 
treatments.  
In Table 7.7 means are shown for withers height, hip width and BCS. Overall 
body frame sizes were not different among the treatments. Results of frame growth 
measurements showed that supplementing CWS with the starter grain maintain 
frame size with a linear effect on withers height. Overall BCS were greater (P < 
0.01) and had a quadratic effect with the increasing supplementation of CWS. 
Fecal Score and Health Incidences  
Figure 7.4 shows the fecal scores by treatment and wk of age. Overall fecal 
score was not different among treatments with an interaction of treatment and wk 




firmer to wk 6 and then increased again till 12 wk (Figure 7.4). However, overall 
fecal score was in normal range (≤ 1) among treatments. We believe these fecal 
scores were changed due to milk and grain intakes rather than infections. Both CWS 
supplemented treatments decreased soft and runny feces compared to calves fed 
control diet. Heinrichs et al. (2003) reported that MOS supplemented diet fed calves 
showed a lesser probability of runny feces compared to control diet. Quigley et al., 
(1997) observed fecal scores when calves fed MR supplemented with prebiotic 
galactosyl-lactose were normal (fecal score ≤ 2) and minor scours were because of 
milk feeding program. Morrill et al. (1997) and Tomkins et al. (1991) reported when 
calves fed antibiotics with milk replacer reduce the incidence of scours and improve 
the ADG. Our results confirm those findings when CWS supplemented with milk 
and grain. Percentage of diarrhea days and antibiotic administrated incidences of 
health issues including diarrhea, fever, and pneumonia are shown in Table 7.8. 
Greater (P < 0.01) percentage of diarrhea days were observed in CON compared to 
CWSL and CWSH treatments. One hundred and ninety one treated diarrhea 
incidences were reported during the experiment period over the three treatments. 
Greater (P = 0.01) percentage of diarrhea incidence was reported in CON and 




incidences were observed 185 and 153 incidences, respectively. Fever and 
pneumonia incidences were not different among treatments. But the least number of 
fever and pneumonia incidences were observed in calves fed CWSL treatment. 
Calves had ear infections and bloat during the experiment period and results were 
not different among treatments. Two calves died due to birth defects within first wk 
of life in CON. One calf in CWSH treatment died during first wk due to birth 
defects and at age of day 16 one calf was euthanized due to a positive test result for 
bovine viral diarrhea. Two calves in CWSH treatment died due to pneumonia at age 
of 28 and 60 days. Thus, overall calf mortality during the 12 wk period was 1.16.    
Metabolic Profile   
 Table 7.9 shows the blood metabolites during the study. Concentrations of 
plasma glucose were greater (P = 0.03) in calves fed CON treatment compared to 
CWS supplemented treatments with milk during first 2 wk and then CWS 
supplemented with starter grain mix throughout the study period (Figure 7.5). In our 
previous research, Calves fed CWS at a rate of 40g /d through pasteurized milk 
during pre-weaning and top-dressed with starter pellets during the post-weaning 
showed less serum glucose concentrations during pre-weaning and similar during 




concentrations were not different among the treatments with an interaction (P < 
0.01) of treatment and wk. The PUN concentrations were not different for any 
treatments and comparable to other research (Chapter 6; Heinrich et al., 2003). The 
concentrations of PUN in calves fed a control diet, antibiotic or MOS supplemented 
with control diet had 10.0, 10.4 and 10.0 ± 2.7 mg/dl respectively (Heinrich et al., 
2003). These concentrations were not different to the PUN concentrations in this 
study. These data suggest that there were no major metabolic problems in any 
dosages of CWS. Plasma BHB concentrations were greater (P < 0.01) with an 
interaction (P < 0.01) between treatment and wk in calves fed CWSL compared to 
CON, but calves fed CWSH treatment had similar plasma BHB concentrations to 
CON and CWSL (Table 7.9 and Figure 7.6). This is attributed with starter grain mix 
intake and better rumen fermentation. Khan et al., (2006) showed greater 
fermentation in calf increased BHB concentrations attributed with the starter, CP and 
starch intake. In addition, in vitro studies showed greater acetate and butyrate 
formation in pH control fermenters (Hopkins and Macfarlane 2003) when FOS and 
GOS included in to fermenters. Acetate and lactate formation are consistent with 
Bifidobacterial and Lactobacillus metabolism, but not butyrate production. However, 




(Topping and Clifton, 2001; Belenguer et al., 2006). Also in vitro fermentation 
studies with mixed cultures of fecal bacteria growing on inulin and GOS have 
demonstrated that oligosaccharide especially GOS stimulate bifidogenic bacteria 
that results improve BHB concentrations in the blood (Hopkins and Macfarlane, 
2003).    
CONCLUSIONS 
F1 Crossbreeds, Jersey, and Holstein calves fed CWS tended to have greater 
starter DMI with an interaction between treatment and wk in calves fed CWSL 
compared to CON and CWSH. The CP intakes were greater in calves fed CON and 
CWSL than CWSH. Average sugar intake was greater in calves fed CWSL and 
CWSH compared to CON treatment. Average BW and ADG were greater in calves 
fed CWSL compared to CON and CWSH while gain:feed was not different among 
the treatments. Similar frame size growth was also observed among treatments. 
Overall BCS were greater in CWSL than other two treatments. Fecal scores were not 
different among the treatment with an interaction of treatment and wk. The CWSL 
fed calves had reduced incidence of diarrhea, fever and pneumonia than CON and 
CWSH. Concentrations of plasma glucose were greater in calves fed CON treatment 




treatments. Greater plasma BHB concentrations were observed in calves fed CWSL 
compared with CON and CWSH. Results demonstrated that calves supplemented 
CWS at rate of 42 g/d had improved starter intake, growth and fecal score, 
indicating CWS could be an effective feed supplement to improve growth and 
internal health of the calves. Further research is required to determine whether CWS 
is effective under typical management conditions, including more limited MR 
consumption with ad libitum access to calf starter grain mix.    
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Table 7. 1. Ingredients composition for calf starter grain mix  
Ingredients, % of DM   Starter Mix   
Corn, cracked 57.50 
Soybean meal  25.00 





Calf molasses were custom made by Performix Nutrition systems, ID. 43.6% sugar; 
11.0% CP; 0.6% Crude fat; 2.3% salt; 4.6% calcium;0.05% phosphorus; 0.4% 
magnesium; 5.4% potassium; 0.8% sulfur; 469.7 mg/kg manganese; 529.8 mg/kg 
zinc;158.5 mg/kg copper; 9.7 mg/kg cobalt; 12.1 mg/kg iodine; 2.12 mg/kg 




Table 7. 2. Nutrient composition of cracked corn, soybean meal and beet pulp used to 
make calf starter grain mix 
Item, % DM Corn Soybean meal Beet pulp 
 Mean SE Mean SE Mean SE 
DM 82.43 0.39 87.12 0.83 90.39 0.18 
Ash 1.32 0.01 7.88 0.11 7.03 0.31 
OM
1
 98.68 0.01 92.12 0.11 92.97 0.31 
CP 8.14 0.27 51.87 0.04 9.80 0.28 
NDF 8.02 0.50 7.28 0.30 38.16 0.04 
EE 3.54 0.15 1.55 0.08 0.59 0.08 
NFC
2
 80.63 0.70 40.08 0.42 46.63 0.25 
Starch 73.48 0.64 1.11 0.08 0.87 0.08 
Ca
3
 0.10 0.02 0.56 0.07 0.72 0.03 
P
3
 0.27 0.02 0.81 0.01 0.09 0.00 
Mg
3
 0.11 0.00 0.30 0.00 0.20 0.00 
K
3
 0.28 0.01 2.49 0.01 0.97 0.08 
S
3
 0.10 0.01 0.45 0.01 0.34 0.01 
Na
3
 0.01 0.00 0.02 0.01 0.41 0.03 
Cl
3
 0.09 0.01 0.06 0.01 0.24 0.04 
1
%OM = 100 – Ash  
2
 % NFC =100 - (% Ash + % CP + % NDF + % EE) (NRC, 2001). 
3





Table 7. 3. Nutrient composition for calf starter grain mix (CON) or grain mix 
containing lesser amount of condensed whey solubles (CWSL) or containing higher 
amount of condensed whey solubles (CWSH) fed to calves   
 CON grain mix CWSL grain mix CWSH grain mix 
Item
1
 Mean SE Mean SE Mean SE 
DM
2
 84.20 0.38 78.93 2.11 78.17 1.76 
Ash
2
 5.60 0.27 5.40 0.19 5.53 0.13 
CP
2
 22.37 1.65 19.61 0.67 18.99 1.12 
ADF
2
 5.32 0.32 4.81 0.11 5.28 0.34 
NDF
2
 9.92 0.59 9.01 0.23 8.11 0.57 
EE
2
 2.27 0.12 1.76 0.10 1.81 0.18 
NFC
2,
 61.45 1.45 65.86 0.41 67.10 1.80 
Lignin 0.57 0.23 0.58 0.16 0.84 0.03 
Starch
2
 37.19 2.27 36.61 1.11 34.46 1.19 
Sugar 12.67 0.67 19.15 3.08 24.02 3.64 
Ca
2
 0.54 0.02 0.52 0.03 0.56 0.04 
P
2
 0.38 0.01 0.39 0.01 0.41 0.01 
Mg
2
 0.19 0.00 0.18 0.00 0.19 0.01 
K
2
 1.27 0.07 1.26 0.06 1.33 0.01 
S
2
 0.26 0.01 0.23 0.00 0.23 0.01 
Na
2
 0.22 0.01 0.25 0.03 0.26 0.01 
Cl
2
 0.24 0.01 0.31 0.03 0.36 0.03 
1
 % DM unless otherwise indicated. 
2 
Analysis performed on monthly composites (n= 3). 
3





Table 7. 4. Nutrient composition of milk replacer and condensed whey solubles fed to 
calves  
 Milk replacer CWS 
Item, % of DM Mean SE Mean SE 
DM
1
 98.20 0.24 55.65 0.50 
Ash
1
 0.07 0.01 4.53 0.29 
OM
1
 99.93 0.01 95.51 0.10 
CP
1
 25.48 0.19 2.06 0.07 
Lactose
2
 27.80 0.76 24.94 0.79 
Fat
1
 24.89 1.65 - - 
Glucose
2
 - - 7.89 0.35 
Galactose
2
 - - 2.71 0.20 
Prebiotics
2
 - - 14.57 0.35 
1
Analysis performed on monthly composites (n= 3). 
2




Table 7. 5. Nutrient intakes for calves fed starter grain mix (CON) or grain mix 
containing lesser amount of condensed whey solubles (CWSL) or containing higher 
amount of condensed whey solubles (CWSH) 
 
Item 
Treatment  P-value 





         
Mean  573.1 630.6 543.0 31.5 0.09 <0.01 <0.01 0.36 0.04 
wk 1 43.6 60.1 30.7 37.9      
wk 8 462.2 602.9 426.1 37.9      
wk 12 2044.9 2033.7 1976.1 39.1      
Cross 663.9 622.3 610.8 18.12      
Jersey 454.8 585.0 369.8 31.00      











 10.3 <0.01 <0.01 <0.01 <0.01 0.05 
wk 1 510.93 477.1 504.6 11.9      
wk 8 777.8 741.6 751.2 11.9      
wk 12 - - -       
Cross 651.6 630.1 642.9 5.5      
Jersey 621.94 631.4 540.1 10.1      
Holstein 650.71 539.7 628.3 28.7      
Total DMI, 
g/d 
         
Mean  1241.5 1238.6 1143.1 37.5 0.08 <0.01 <0.01 0.06 0.15 
wk 1 554.5 544.8 491.8 43.2      
wk 8 1240.0 1352.2 1173.5 43.2      
wk 12 2104.5 2046.4 1960.6 44.3      
Cross 1315.6 1244.2 1261.3 21.6      
Jersey 1076.8 1261.3 891.2 36.9      
Holstein 1251.3 1224.2 1276.7 104.6      
CP Intake, 
g/d 







 7.9 <0.01 <0.01 <0.01 <0.01 0.61 
wk 1 139.5 134.7 125.5 9.1      
wk 8 300.9 308.3 270.8 9.1      
wk 12 472.6 401.8 371.3 9.3      
Cross 314.0 280.3 281.9 4.3      
Jersey 259.6 281.9 202.8 7.8      
















wk 1 128.2 120.0 124.8 3.3      
wk 8 204.1 195.42 194.1 3.3      
wk 12 61.2 37.2 32.2 3.3      
Cross 177.3 167.5 172.3 1.7      
Jersey 165.1 168.4 138.1 2.9      
Holstein 175.6 146.4 168.12 8.2      
Starch 
Intake, g/d 







 11.3 <0.01 <0.01 <0.01 0.02 0.02 
wk 1 16.23 21.9 14.6 13.6      
wk 8 171.9 220.7 146.8 13.7      
wk 12 760.5 744.5 680.9 14.1      
Cross 246.9 227.8 210.5 6.2      
Jersey 169.2 214.1 127.5 11.1      
Holstein 223.4 250.6 223.44 31.6      
NDF Intake, 
g/d 







 2.8 <0.01 <0.01 <0.01 <0.01 0.04 
wk 1 4.3 5.4 3.2 3.4      
wk 8 45.9 54.3 34.6 3.4      
wk 12 202.9 183.2 160.3 3.5      
Cross 65.9 56.1 49.5 1.6      
Jersey 45.1 52.6 30.0 2.8      
Holstein 59.5 61.7 52.6 7.9      
Sugar 
Intake,g/d 







 8.0 <0.01 <0.01 <0.01 <0.01 0.07 
wk 1 147.6 146.4 136.5 9.0      
wk 8 274.8 323.9 309.5 9.0      
wk 12 275.6 393.1 469.7 9.2      
Cross 265.3 292.1 328.9 4.6      
Jersey 230.5 296.5 230.5 7.8      
Holstein 256.9 281.1 330.4 22.3      
1
 P values for effects of treatment (Trt), week (wk) and the treatment × week 
interaction (Trt × wk) ), and linear (L) and quadratic (Q). 
2
Calves were weaned from milk replacer at the end of wk 6. 
3
Fat intake was determined by ether extract. 
ab





Table 7. 6. Body weight, average daily gain, dry matter intake, and gain to feed ratios 
for calves fed starter grain mix (CON) or grain mix containing lesser amount of 
condensed whey solubles (CWSL) or containing higher amount of condensed whey 
solubles (CWSH) 
 Treatment  P-values
1
 
Item CON CWSL CWSH SEM Trt wk Trt × 
wk 
L Q 







 1.39 <0.01 <0.01 0.72 0.41 <0.01 
wk 0 32.11 31.82 30.65 0.40      
wk 8 58.34 62.49 56.98 1.15      
wk 12 81.53 86.71 80.66 1.17      
Cross 72.38 73.15 70.63 0.74      
Jersey 65.64 67.84 64.95 1.37      
Holstein 71.77 82.79 70.84 3.91      







 0.02 <0.01 <0.01 0.45 0.35 <0.01 
wk 8 1.04 1.11 1.01 0.02      
wk 12 0.94 1.01 0.93 0.02      
Cross 1.02 1.03 1.00 0.01      
Jersey 0.93 0.97 0.92 0.02      
Holstein 1.01 1.17 1.00 0.05      
Gain:Feed, kg/kg          
Mean 0.74 0.70 0.73 0.03 0.50 <0.01 0.93 0.40 0.03 
wk 8 0.88 0.84 0.87 0.03      
wk 12 0.59 0.56 0.59 0.02      
Cross 0.65 0.69 0.71 0.02      
Jersey 0.87 0.83 0.83 0.03      
Holstein 0.70 0.56 0.66 0.08      
1
 P values for effects of treatment (Trt), week (wk), treatment × week interaction 
(Trt × wk) and linear (L) and quadratic (Q). 
2
Calves were weaned off milk replacer at the end of wk 11.5. 
abc





Table 7. 7. Frame growth measurements and body condition scores for calves fed 
starter grain mix (CON) or grain mix containing lesser amount of condensed whey 






CON CWSL CWSH Trt wk Trt× 
wk 
  L Q    
Withers Height, cm          
Mean 80.46 80.20 79.38 0.72 0.19 <0.01 0.53 0.07 0.11 
wk 0 71.18 71.31 69.02 0.44      
wk 8 77.46 77.46 77.09 0.72      
wk 12 83.15 82.96 81.68 0.72      
Cross 81.48 81.42 80.27 0.31      
Jersey 77.94 77.33 76.28 0.58      
Holstein  81.95 81.87 81.61 1.28      
Hip Width, cm          
Mean  16.37 16.48 16.09 0.18 0.20 <0.01 0.41 0.14 0.24 
wk 0 10.84 10.64 10.29 0.09      
wk 8 14.99 14.98 14.78 0.22      
wk 12 17.75 17.98 17.40 0.22      
Cross 16.72 16.69 16.37 0.10      
Jersey 15.56 15.37 15.37 0.18      
Holstein 16.83 17.37 16.54 0.10      
Body Condition Score
2







 0.02 <0.01 <0.01 0.52 0.05 <0.01 
wk 0 1.96 1.96 1.95 0.01      
wk 8 2.38 2.48 2.43 0.03      
wk 12 2.70 2.86 2.76 0.03      
Cross 2.59 2.64 2.63 0.01      
Jersey 2.40 2.45 2.46 0.02      
Holstein 2.63 2.91 2.68 0.07      
1
 P values for effects of treatment (Trt), week (wk), treatment × week interaction 
(Trt × wk) and linear (L) and quadratic (Q)
. 
2
Scale of 1 to 5 with 1 being emaciated and 5 being obese.  
ab






Table 7. 8. Fecal scores and health incidences for calves fed starter grain mix (CON) 
or grain mix containing lesser amount of condensed whey solubles (CWSL) or 








CON CWSL CWSH Trt d Trt × 
d 
L Q  
Fecal Scores
2
          
Means 0.55 0.50 0.50 0.04 0.95 <0.01 <0.01 0.35 0.55 
Cross 0.49 0.48 0.52 0.04     
Jersey 0.60 0.52 0.49 0.51      
Diarrhea day
3





0.17 0.11 0.18  0.01     
Fever incidence
4





0.12 0.10 0.14  0.19     
1
 P values for effects of treatment (Trt), day (d), treatment × day interaction (Trt × 





Scale of 0 to 3 with 0 being firm and 3 being watery. 
3
Percentage of days that fecal consistency was ≥ 2 fecal consistency data were 
collected only from 50 calves per treatment 
4








Table 7. 9. Blood metabolite concentrations for calves fed starter grain mix (CON) or grain mix containing lesser amount of condensed 




















 1.54 0.03 <0.01 0.35 0.08 0.05 
wk 0 110.03 97.86 105.62 3.07      
wk 8 106.33 101.32 101.45 1.72      
wk 12 95.42 89.50 92.62 1.76      
Cross 101.47 95.68 98.95 2.06      
Jersey 100.28 95.14 95.12 2.25      
PUN
3
, mg/dL          
Mean 11.13 11.04 10.83 0.46 0.12 <0.01 <0.01 0.89 0.91 
wk 0 16.03 17.09 15.99 1.26      
wk 8 9.72 10.21 11.19 0.50      
wk 12 12.53 11.87 10.47 0.50      
Cross 11.19 11.34 10.62 0.65      
Jersey 11.07 10.74 11.04 0.68      
BHB
4







 1.93 0.01 <0.01 <0.01 0.44 <0.01 
wk 0 19.64 20.14 18.90 1.28      
wk 8 37.38 37.07 34.25 2.22      
wk 12 51.06 66.99 58.32 2.26      
Cross 42.22 50.81 43.32 2.82      
Jersey 46.22 53.25 49.25 2.60      
1














Plasma β - hydroxy butyrate. 
ab





Figure 7. 1. Weekly averages of Total starter grain dry matter intake (DMI) for calves 
fed starter grain mix (CON) or grain mix containing lesser amount of condensed whey 
solubles (CWSL) or containing higher amount of condensed whey solubles (CWSH)* 


























Trt: = 0.08 
wk: < 0.01 
Trt×wk: < 0.01 









Figure 7. 2. Weekly averages of sugar intake for calves fed starter grain mix (CON) 
or grain mix containing lesser amount of condensed whey solubles (CWSL) or 
containing higher amount of condensed whey solubles (CWSH) * indicates values 



























Trt: < 0.01 
wk: < 0.01 
Trt×wk: < 0.01 








Figure 7. 3. Body weight at wk 0, 8 and 12 for calves fed starter grain mix (CON) or 
grain mix containing lesser amount of condensed whey solubles (CWSL) or 





















Trt: < 0.01 
wk: < 0.01 
Trt×wk: = 0.72 




Figure 7. 4. Fecal score for calves fed starter grain mix (CON) or grain mix 
containing lesser amount of condensed whey solubles (CWSL) or containing higher 
amount of condensed whey solubles (CWSH). * indicates values differ by P < 0.05 






















Trt: = 0.54 
wk: < 0.01 
Trt×wk: < 0.01 







Figure 7. 5. Plasma glucose concentrations at wk 0, 8 and 12 for calves fed starter 
grain mix (CON) or grain mix containing lesser amount of condensed whey solubles 
(CWSL) or containing higher amount of condensed whey solubles (CWSH). * 
indicates values differ by P < 0.05 with Tukey’s test. † indicates values differ by P < 





























Trt: = 0.03 
wk: < 0.01 
Trt×wk: = 0.35 




Figure 7. 6. Beta hydroxy butyrate (BHB) at wk 0, 8 and 12 for calves fed starter 
grain mix (CON) or grain mix containing lesser amount of condensed whey solubles 
(CWSL) or containing higher amount of condensed whey solubles (CWSH). * 




























Trt: = 0.01 
wk: < 0.01 
Trt×wk: < 0.01 






This research was conducted to evaluate and improve calf performance and 
health by offering improved quality water, feeding MSP, and supplementing CWS 
with starter pellets when feeding with MR or pasteurized milk.  
Chapter 2 evaluated the drinking preferences of dairy heifers offered water 
treated with RW or MW compared to WW. Results demonstrated that heifers 
preferred the RW, which was slightly preferred over MW, and both were preferred 
over WW with more consumption of RW when all three water types were offered. 
The effects of drinking RW versus MW on growth, nutrient utilization and health 
scores of calves were evaluated in chapter 3. Total DMI and gain: feed were not 
different between treatments with an interaction between treatments and wk. The 
DMI were increased more during the study for RW than MW. Water intakes were 
less in RW than MW, potentially indicating more efficient water use by calves. The 
frame sizes, BW, ADG, blood glucose, PUN, BHB, TTD of DM, and CP were not 
different between treatments. Firmer fecal scores were observed in calves fed RW 
with an interaction by time. Respiratory scores decreased during the weaning period 
when calves drank RW. Chapter 2 and 3 results showed that improved water quality 




size and nutrient utilization.  
A new processing method is being developed in which soybean meal 
undergoes microbial (fungal) process resulting in increased the protein concentration 
and enhanced nutritional properties compared to regular soybean meal. Chapter 4 
evaluated the effects of feeding calves MSP pelleted starter (23%) compared to 
regular SBM with accelerated milk replacer (A) or conventional milk replacer (C). 
Intake of starter pellets and total DM were greater for calves fed SBMA and least for 
MSPC with maintained similar ADG among the treatments. Serum glucose 
concentrations were not different among the treatments. The PUN concentrations 
were greater in calves fed MSPA and least for MSPC. Total tract digestibility of CP 
was greater in calves fed MSPC than SBMA, but MSPA was not different to both 
MSPC and SBMA. Results showed that 23% replacement of SBM by MSP in calves 
fed starter pellet improved gain: feed and maintained growth performance compared 
to SBM. With these results we hypothesized that we could obtain the same growth 
performance with less replacement of SBM by MSP in starter pellets with 
pasteurized milk, which led to the research in Chapter 5. The effects of 8% inclusion 
of MSP in calf starter pellets compared to SBM calf starter pellets (CON) with 




DMI were not different between treatments with an interaction between treatments 
and time. Similar BW, ADG and frame growth measurements were observed in 
treatments. Greater BHB concentrations were observed in calves fed MSP. Overall 
fecal scores were firmer in both treatments with a strong treatment by wk interaction. 
Fecal scores were less in MSP than CON with maintained similar respiratory scores. 
Calves fed MSP had greater TTD of CP, NDF and ADF. Therefore these results 
concluded that inclusion of less MSP in starter pellets improved digestibility, health 
and feed efficiency more over time.    
 The last area researched was supplementation of condensed whey solubles to 
calves, which are a manufacturing by-product derived from milk permeate by using 
enzymes. Chapter 6 research was conducted to evaluate the effects on growth 
performance, nutrient utilization, and health of calves supplemented with CWS in 
milk during pre-weaning and top-dressed on starter pellets during post-weaning. 
Results indicated that BW during the post-weaning were greater in calves fed CWS. 
Similar ADG and frame growth were observed in both treatments. Total DMI and 
starter DMI were greater in calves fed CWS compared to CON. Lesser plasma 
glucose concentrations were observed in CWS treatment during the pre-weaning 




compared to CON. Overall fecal scores were less in CWS during post-weaning 
period compared to CON. These results suggested that supplementing CWS with 
starter pellets has potential to improve BW, starter intake, and fecal score. Based on 
chapter 6 results the chapter 7 research was conducted to evaluate two different 
levels of supplementation (CWSL=low, and CWSH=high) of CWS mixed on calf 
starter grain mix at earlier in the feeding period, to improve starter intake, growth 
performance and health. This research was conducted at commercial farm with 
different breeds including F1 crosses (Holstein-Jersey Crosses), Jerseys and Holstein. 
Calves on the CWSL treatment supplemented in starter pellets tended to have 
increased starter DMI. The sugar intakes were greater in calves fed CWS 
supplemented grain mixes compared to CON. Overall BCS were greater in calves 
fed CWSL. Supplementing CWSL reduced the incidence of diarrhea, fever and 
pneumonia in calves during the experimental period. Thus, these results indicated 
that supplementing at CWSL improved starter intake, growth and fecal firmness and 
indicating CWS could effective feed supplement to improve growth and internal 
health of the calves.  
 Overall results demonstrated that offering RW, replacing soybean meal by 




performance, starter intake, nutrient utilization and health of the calves. These 
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